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Engineering and Design
LABORATORY SOILS TESTING

This change to EM 1110-2-1906, 30 November 1970, provides the

updating of the TABLE OF CONTENTS and the addition of the following
four (4) APPENDICES:

3‘

4,

a. Appendix VIII A; Swell and Swell Pressure Tests

b. Appendix XA: Cyclic Triaxial Tests
¢. Appendix XB: Determination of Critical Void Ratio
d. Appendix XIII: Pinhole Erosion Test for Identification of

Dispersive Clays

Substitute the attached pages as shown below:

Remove pages i, ii, iii, Insert new pages i, ii, iii, iv,
iv, v, vi, and vii v, vi, vii, viii, ix, x, xi, xii,
and xiii

Add Appendices VIII A, XA, XB, and XIII.

File this change sheet in front of the publication for future

reference purposes.

FOR THE CHIEF OF ENGINEERS:

ALy

FORREST T. GAY, III
Colonel, Corps of Engineers
Executive Director, Engineer Staff
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A Area
C Compression index

c Cohesion or cohesion intercept of strength envelope
based on total stresses

c! Cohesion intercept of strength envelope based on
effective stresses

Diameter

1,D2 Dispersive soil classification--pinhole erosion test

==

-
o

Diameter of soil particle having a size greater than
10 percent (by weight) of the particles

Relative density

o))

Initial diameter of pinhole

[l

Void ratio

o 0 g g

Void ratio after consolidation

Applied shear force

Q ",

Apparent specific gravity

1

Bulk specific gravity
Specific gravity of solids

1]

Henry's coefficient of solubility
Height
Initial hydraulic head in pinhole erosion test

oolie sl D)

[

D>
e

Change in height

Omitted here are the symbols A, D, H, S, V,and w having the
subscripts o, c, and f, and the symbol e having the subscripts o
and f (for example, A, , H., wyg, etc.); these subscripts indicate
that the symbols refer to properties of test specimens measured or
computed under the following conditions:

o Initial or before test
c After consolidation or before shear
f Final or after test
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AHo Change in height during consolidation or before shear

h Hydraulic head

i Hydraulic gradient

k Coefficient of permeability

L Length

Ls Linear shrinkage

LL Liquid limit

N Number of blows of liquid limit cup

NDi,ND2 Nondispersive soil classification--pinhole erosion
test

ND3,ND4 Intermediate soil classification--pinhole erosion
test

n Porosity
Applied axial load

Pl Plasticity index

PL Plastic limit

P Pressure

pe Preconsolidation pressure

P, Overburden pressure

Q Quantity of flow

q Rate of discharge

9, Unconfined compressive strength

R Shrinkage ratio

S Degree of saturation

SAR Sodium absorption ratio

SL Shrinkage limit

s Shear strength

Sy Undrained shear strength

t Time

t50 Time to 50 percent primary consolidation

xi
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Time to failure
Degree of consolidation
Atmospheric pressure (absolute)
Required back pressure (gage)
Volume
Volume of air
Volume of soil solids
Volume of voids
Volume of water
Change in volume
Change in volume of water
Weight of wet soil
Weight of dry soil
Weight of water
Water content
Water content at N blows
Slope angle of flow line
Dry unit weight (or dry density) of soil
Wet unit weight (or wet density) of soil
Unit weight of water
Axial strain
Double amplitude axial strain
Coefficient of viscosity
Normal stress
Major principal stress
Minor principal stress
Deviator stress

Cyclic deviator stress

Cyclic stress ratio

xii
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* o

3f
* o

Effective confining pressure at failure

Consolidation stress on the failure plane

Shear stress

Cyclic shear stress

Angle of internal friction (or slope angle of strength
envelope) based on total stresses

Angle of internal friction (or slope angle of strength
envelope) based on effective stresses

Angle of friction determined from the drained
repeated direct shear test

xiii
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No. 1110-2-19C6

ENGINEERING AND DESIGN

LABORATORY SOILS TESTING

1. PURPOSE. This manual presents recommended testing procedures for
making determinations of the soil properties to be used in the design of
civil works projects. It is not intended to be a text book on soils testing
or to supplant the judgment of design engineersin specifying procedures
to satisfy the requirements of a particular project.

2. APPLICABILITY. The provisions of this manual are applicable to all
divisions and districts having Civil Works functions.

3. NOTATIONS, A partial list of the symbols used in this manual ap-
pears following the Table of Contents. Not included in the list are sym-
bols used arbitrarily in formulas to facilate computations and those
having a special meaning within a particular appendix. All symbols are
defined where they first appear in an appendix and wherever restatement
may be needed for the sake of clarity. Whenever possible, these symbols
correspond to those recommended by the Committee on Glossary of
Terms and Definitions in Soil Mechanics of the Soil Mechanies and Foun-
dations Division of the American Society of Civil Engineers.f

4. REFERENCES. The material presented in this manual has been
drawn from many sources, persons, and organizations; wherever possi-
ble, specific references are given by footnotes. In general, the proce-

dures and practices herein have been taken, under the guidance of the

t “Glossary of terms and definitions in soil mechanics,” Proceedings,
ASCE, vol. 84, No, SM4 (October 1958).

1
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Office, Chief of Engineers, from the experience of the U. S. Army Engi-
neer Waterways Experiment Station and the U. S. Army Engineer Divi-
sions. Further contributions have come from Harvard University, the
Massachusetts Institute of Technology, the U. S. Bureau of Reclamation,
and the American Society for Testing and Materials.

5. TESTING PROCEDURES. Since soils exist in an enormous variety,
and since the problems of applied soil mechanics also exist in a very
great variety, testing procedures for determining the engineering proper-
ties of soils (such as strength-deformation relationships) must not, in
fact, cannot, be standardized. Before any soils testing is requested of a
laboratory, the design engineer responsible for formulating the testing
program must clearly define the purpose of each test to himself and to
the person who will supervise the testing.

It is generally necessary to adapt the testing procedures to the specific
requirements of an investigation. For example, the consolidation test can
be performed in various ways. What is often called the ‘' standard con-
solidation test'' is performed by always doubling the previous load on the
specimen. This procedure will produce tin-&-consolidation curves that
usually permit the most precise evaluation of the coefficients of perme-
ability and consolidation. However, these load increments are not always
satisfactory for defining the preconsolidation pressure from the shape of
the void ratio-pressure curve; for this purpose a much smaller factor
than 2.0 should be used during incremental loading. Also, the maximum
load to which a consolidation test should be continued will depend on the
consistency and stress history of the soil and the requirements of the
project. For example, if a clay which had been normally consolidated under
an effective overburden pressure of 0.5 ton per sq ft is to be loaded by an
embankment which will exert an additional pressure of 1.0 ton per sq ft,
the consoiidation test need not be continued beyond a load of 4.0 tons per
sq ft to fulfill the purpose of the test. On the other hand, a highly over-
consolidated clay which will be loaded by an embankment of substantial

height may require that the consolidation test be continued to a loading
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of 20 tons per 8q {t or more,

An even greater variety in testing procedures exists for measuring
the strength of soils, and the purpose of the tests must be constantly re-
viewed to insure that the results have meaning with respect to design.

Tests which do not measure clearly defined engineering properties
(such as Atterberg limits, specific gravity, grain-size analyses, and
compaction), however, do require adherence to standardized procedures.
Even here the dangers of injudicious testing must be recognized As an
example, compaction test results-must be carefully evaluated if the mate-
rial coarser than3/4 in. (or some other size) has been removed according
to the standard method.

Procedures for soils tests necessary for the design of Civil Works
projects appear as appendixes to this manual. The procedures are con-
sidered to represent the best current guidance for obtaining acceptable
de sign data, Deviations from these procedures may be necessary on
occasion, according to the judgment of testing or design engineers,
their experience with local soils, or peculiarities of a project. How-
ever, to insure that the test methods remain compatible with the pur-
pose of the tests and that the results will be acceptable, every such
deviation should be discussed in advance with the design office request-
ing the tests or, if in the judgment of the design engineer such devia-
tion represents a major departure from the conventional procedure,
should be first approved by the Office, Chief of Engineers. Also, a
description of any non-conventional procedure must accompany the test
data.

6. RELIABILITY OF TESTING APPARATUS AND RESPONSIBILITY OF
PERSONNEL, All who are engaged in soils testing must constantly be
aware of the importance of accuracy in measurements. Inaccurate meas-
urements will produce test results which are not only valueless but are
misleading. Each appendix to this manual contains a list of the more com-
mon possible errors associated with the procedures described in that ap-

pendix. Serious errors can be caused by poorly constructed apparatus (for
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example piston friction in triaxial compression chambers or rough-
finished consolidometer rings), by maladjusted apparatus (liquid limit
devices, proving rings, or mechanical compactors), and by worn parts
(ligquid limit cup or grooving tool or knife edges of lever systems).
Regular calibration and inspection must be a standard practice in all
laboratories.

The personnel performing the tests must be thoroughly familiar with
the apparatus, the testing procedures, and good laboratory technique in
general. They must be conscientious in the handling of soils and must
appreciate the purpose of each test they perform. Neat, thoughtful work,
with the recording of.all test data and a continuous watchfulness for
irregularities can prevent most errors. The philosophy should be that
one good test is not only far better than many poor tests, but is also less
expensive and less likely to permit a misjudgment in design.

7. LABORATORY FACILITIES. A laboratory preferably should be on a
ground floor or basement with a solid floor and should be free of traffic
and machinery vibrations. Separate areas should be designated for dust-
producing activities such as sieve analyses and sample processing.
Temperature control of the entire laboratory is to be preferred. If the
temperature-controlled space is limited, this space should be used for
triaxial compression, consolidation, and permeability testing. A humid
room large enough to permit the storage of samples and the preparation
of test specimens should be available.

8. SAMPLE HANDLING AND STORAGE. The identification markings of
all samples should be verified immediately upon their receipt at the
laboratory, and an inventory of the samples received should be main=
tained. Samples should be examined and tested as soon as possible after
receipt; however, it is often necessary to store samples for several days
or even weeks to complete a large testing program. Every care must be
taken to protect undisturbed samples against damage or changes in water
content Such samples should be stored in a humid room and may require

rewaxing and relabeling before storage. Except for special purposes,
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such as for viewing by designers or contractors or for research, soil samples
should not be retained for long periods; even the most careful sealing and
storing of undisturbed samples cannot prevent the physical and chemical
changes which, in time, would invalidate any subsequent determinations of
their engineering properties.

9. SELECTION AND PREPARATION OF TEST SPECIMENS. Under the most favorable
circumstances, a laboratory determination of the engineering properties of
a small specimen of undisturbed soil gives but an approximate guide to the
behavior of an extensive nonhomogeneous geological formation under the
complex system of stresses induced by the construction of an embankment or
other structure; under the worst circumstances such a determination may
have no meaning. Also, the strength, compressibility, and permeability of
a soil in place may vary severalfold within a few inches. No other aspect
of laboratory soils testing is as important as the selection of test
specimens to best represent those features of a foundation soil which
influence the design of a project. The selection cannot be based on boring
logs alone, but requires personal inspection of the samples and the closest
teamwork of the laboratory personnel and the design engineer. This cooper-
ation must be continued throughout the testing program since, as quanti-
tative data become available, changes in the initial allocation of samples
or the securing of additional samples may be necessary.

Second in importance only to the selection of the most representative
undisturbed material is the preparation and handling of the test specimens
to preserve in every way possible the natural structure and water content
of the material. Indifferent handling of undisturbed soils can result in
test data that are erroneous by several times any errors caused by faulty
testing apparatus. With but few exceptions, test specimens should always
be prepared in a humid room. Trimming instruments should be sharp
and clean and the specimens should be adequately supported at all times;
details of the preparation equipment and procedures are presented in the

appendixes to this manual. What cannot be gained from any manual,
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however, is the judgment and awareness necessary to adjust the tech-
niques for each type of material in order to secure the most satisfactory
specimens.

During the preparation of specimens, the Taboratory personnel have
the best opportunity to record a complete description of the material and
to judge whether the material is truly undisturbed. The description
should include an identification of the material, its color and
consistency, the brittleness of the material and the loss of strength upon
remolding, and any heterogeneity or unusual characteristics which might
prove valuable in analyzing the test results. Also, any indication of
disturbance of boring samples (strata deformed at periphery or distortions
concentric with axis of sample) must be noted. Often these distortions
cannot be seen except by slowly drying a slice of the material to a water
content at which the differences between strata show clearly.+ Photo-
graphs of such partially dried slices may be helpful when evaluating the
test data and can contribute to improvements in sampling equipment and
techniques. Disturbed samples should never be used for any tests other
than classification, specific gravity or water content.
16. DATA SHEETS AND REPORT FORMS. Examples of suggested form sheets for
recording and computing test data are presented in the appendixes hereto,
and some appendixes show the forms to be used for reporting test results.
The data sheets shown may be satisfactory in many instances, though each
laboratory should adopt whatever data sheets are most suitable for their
practices and apparatus. ENG Form 2886 should be used for presentation of
a summary of soil test data in design documents. Well-planned data sheets *
can improve the efficiency of testing and, by encouraging the recording of
data which otherwise might be lost, can lead to better testing.

The report forms shown in the appendixes have been developed to
facilitate the review of design memoranda of Civil Works projects.

# M. J. Hvorslev, Subsurface Exploration and Sampling of Soils for
Civil Engineering Purposes, U. S. Army Engineer Waterways Experiment
Station, CE (Vicksburg, Miss., November 1949).
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Because they are intended for review purposes, these forms often do not
display the test results in sufficient detail for interpretation by the design
engineer. Therefore, each laboratory should include with the standard
report forms whatever tabulated or plotted data are necessary to satisfy
the purpose of a testing program. Graphs should show all the plotted
points, not just smooth curves, and be given scales in easily read units,
such as 1, 2, or 5 divisions per unit. The report form should contain a
complete description of the material, not just the classification, and
sketches to illustrate the mode of failure of strength test specimens.

FOR THE CHIEF OF ENGINEERS:

RICHARD F. McADOO
Colonel, Corps of Engineers
Executive
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APPENDIX I:

WATER CONTENT - GENERAL

i. DEFINITION. Water content, w, is defined as the ratio, expressed
as a percentage, of the weight of water in a given soil mass to the weight
of solid particles.

2. APPARATUS The apparatus should consist of the following:

a. Oven, preferably of the forced-draft type automatically con-
trolled to maintain a uniform temperature of 140%5 C throughout the
oven.

b. Balances, sensitive to 0.01 g for samples weighing less than
50 g:0.1 g for samples weighing 50 to 500 g; 1.0 g for samples weighing
over 500 g.

c. Specimen Containers. Seamless metal containers with lids

are recommended. The containers should be of a metal resistant to
corrosion (aluminum is satisfactory). They should be as small and light
in weight as practicable in relation to the amount of material to be used
in the determination. For routine water content determinations in which
specimens weighing between 4100 and 200 g are used, a 2-in.-high by
3-1/2-in. diameter container is adequate.

3. SPECIMEN. The amount of material used in the water content deter-
mination will generally depend on the maximum size of particles, the
amount of material available, and the requirement that the specimen be
representative of the material for which the determination is made. When
the water is not uniformly distributed throughout the sample, larger speci-
mens will be needed than would otherwise be required. For routine water
content determinations on material passing a No. 4 sieve, specimens
weighing between 400 and 200 g are adequate, A minimum specimen
weight of 500 g is recommended for material having a maximum particle

size in the range of the No. 4 to 3/4-in. sieves, and a minimum specimen
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weight of 1000 g is recommended for material having a maximum particle
size in the range of the 3/4-in. to ‘1-1/2-in. sieves. Specific amounts of
material are required for water content determinations for other labora-
tory tests; the test procedures should be consulted to determine the
proper amounts.

4. PROCEDURE. The procedure shall consist of the following steps:

a. Record all identifying information for the specimen, such as
project, boring number, sample number, or other pertinent data, on a data
sheet (Plate I-i is a suggested form).

b. Record the number and tare weight of the specimen container.

¢c. Place the specimen in the container, set the lid securely in
position and immediately determine the weight of the container and wet
soil by weighing on an appropriate balance.

d. Before the specimen is placed in the oven, remove the lid; the
lid is usually placed under the container in the oven. Then place the
specimen and container in the oven heated to 11025C.fT Leave the speci-
men in the oven until it has dried to a constant weight. The time required
for drying will vary depending on the type of soil, size of specimen, oven
type and capacity, and other factors. The influence of these factors
generally can be established by good judgment, and experience with the
soils being tested and the equipment available in the laboratory. When in
doubt, reweigh the oven-dried specimens at periodic intervals to establish
the minimum drying time required to attain a constant weight. For routine

water content determinations, specimens consisting of clean sands and

1 Laboratory oven drying at 110 C does not result in reliable water con-
tent values for soils containing gypsum or significant amounts of organic
material. Reliable water content values for these soils can be obtained
by drying in oven at 60 C#, or by vacuum desiccation. See: U. S. Army
Engineer Waterways Experiment Station, CE, A Study of Moisture- |
Contgnt Determinations on Selected Soils, Miscellaneous Paper No.

4-73 (Vicksburg, Miss., September 1954).
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gravels should be oven-dried for a minimum of 4 hr. For most other
soils a minimum drying time of 16 hr is adequate, Dry soil may absorb
moisture from wet specimens; therefore, any dried specimens must be
removed before wet specimens are placed in the oven.

e. After the specimen has dried to constant weight, remove the
container from the oven and replace the lid. Allow the specimen to cool
until the container can be handled comfortably with bare hands. If the
specimen cannot be weighed immediately after cooling it should be placed
in a desiccator; if a sample is left in the open air for a considerable
length of time it will absorb moisture.

f. After the specimen has cooled, determine its dry weight and
record it on the data sheet.

5. COMPUTATIONS. The following quantities are obtained by direct
weighing:

a. Weight of tare plus wet soil, g

b. Weight of tare plus dry soil, g

The water content in percent of oven-dry weight of the soil is equal to:

(weight of tare plus wet soil) - (weight of tare plus dry soil) X100
(weight of tare plus dry soil) = (tare)

ww
or w =W——X100
s
where w = water content, percent
Wy = weight of water, g
W = weight of dry soil, g

6. POSSIBLE ERRORS.. Following are possible errors that would cause

inaccurate determinations of water content:
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a. Specimen not representative. The specimen must be rep-
resentative of the sample as required for the purpose of the determi-
nation. For example, a stratified soil may have a great variation in
water content between adjacent strata; were it intended to evaluate the
strength of the soil on the basis of water content, a large specimen
that included material from several strata would not be representative
of the weakest stratum. As another example, to determine the average
water content of a gravelly clay, the specimen must be large enough to
contain representative amounts of both coarse and fine fractions.

b. Specimen too small. As a rule, the larger the specimen,
the more accurate the determination because of the larger weights
involved.

c. Loss of moisture before weighing wet specimen. Even in
a covered container 3 specimen can lose a significant amount of water
unless weighed within a short period.

d. Incorrect temperature of oven. The oven-dry weight of
many soils is dependent on the temperature of the oven, so variations in
temperature throughout the interior of an oven can cause large wvariations
in the computed water content.t

e. Specimen removed from oven before obtaining a constant oven-
dry weight.

£ Gain of moisture before weighing oven-dry specimen.

g. Weighing oven-dry specimen while still hot. The accuracy
of a sensitive balance may be affected by a hot specimen container.

h. Incorrect tare weight. The weights of specimen containers
should be checked periodically and should be scratched on the containers

to avoid possible errors in reading such weights from lists.

t T. W.Lambe, Soil Testing for Engineers, John Wiley & Sons, Ine.
(Nevwr York, 1951),
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UNIT WEIGHTS, VOID RATIO, POROSITY, AND
DEGREE OF SATURATION

1. RELATIONS.

enclosing voids of varying sizes.

A soil mass is considered to consist of solid particles

The voids may be filled with air, water,

or both. The fundamental relations of the weights ana volumes of the

various components of a soil
mass can be derived using the
simplified sketches shown in
Figure 4, Some of the more
important relations used in
soils engineering calculations
are unit weights, void ratio,
porosity, and degree of satura-
tion. The quantities which must
be known to compute these rela-
tions are the weight and volume
of the wet specimen, the weight
of the same specimen after
oven-drying, and the specific
gravity of the solids (see
Appendix IV, SPECIFIC
GRAVITY). The weights of the
specimens usually can be ob-
tained without difficulty. The
volume of the wet specimen is
determined by linear measure-
ment (volumetric method), or

by measurements of the volume

WG;T v MEP
o AIR
T

wVIw WATER \J,, \"
¢ 7

MOIST SOIL

Figure 1.

I1-1

WATER CONTENT

PRY UNIT WEIGHT

WET UNIT WEIGHT (WET DENSITY)

YOID RATIO

POROSITY

DEGREE OF SATURATION

SPECIFIC GRAVITY OF S0OLIDS

(DRY DENSITY)

WEIGHT

||

-

Ww | waren

4 W [soLid Vs

N

w

SATURATED SOIL

NOTE:UNITWEIGHT OF WATER. y,=62.4LB/CU FT.

Fundamental relations
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or weight of water displac ed by the specimen (displacerment method).
Definitions of the relations to be determined and detailed procedures for
determining these values, using the volumetric and displacement methods,
are given in the following paragraphs.

2. DEFINITIONS. The unit weights, void ratio, porosity, and degree of
saturation are defined below.

2. Dry unit weight, Y4, or dry density, is the weight of oven-

dried soil solids per unit of total volume of soil mass, and is usually ex-
pressed in pounds per cubic foot.

b. Wet unit weight, Y,,, or wet density, is the weight (solids

plus water) per unit of total volume of soil mass, irrespective of the de-
gre : of saturation (see e below). The wet unit weight is usually expressed
in pounds per cubic foot.

c. Void ratio, e, is the ratio of the volume of voids to the volume

of solid particles in a given soil mass.

d. Porosity, n, is the ratio (usually expressed as a percentage)

of the volume of voids of a given soil mass to the total volume of the soil
mass.

e. Degree of saturation, S, is the ratio (expressed as a percent-

age) of the volume of water in a given soil mass to the total volume of

voids.

3. VOLUMETRIC METHOD. a. Description. The volumetric method

consists of computing the total volume of soil from linear measurements

of a regularly shaped mass. In general, the method is applied to soils
which can be cut or formed into a cylinder or parallelepiped. Specimens
of this type are used i. .aer laboratory tests, and methods for preparing
them are described under the individual test procedures. The procedure
presented below is based on obtaining a cylindrical specimen by progres-
sive trimming in front of a calibrated ring-shaped specimen cutter. How-
ever\ other methods for obtaining a regularly shaped mass, such as

cutting and trimming or punching, can often be used successfully. The
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volumetric method should not be used for soils containing gravel, shells,
or foreign materials which would interfere with advance trimming. The
calibrated specimen cutter method is particularly suitable for obtaining
volumes of silty and sandy soils having little cohesion,

b. Apparatus. The apparatus should consist of the following:

(1) Calibrated ring-shaped specimen cutter, hereinafter re-
ferred to as a volumetric cylinder. Types and sizes of volumetric ecylin-
ders may vary widely; two types are shown in Figure 2. General require-
ments are that a volumetric cylinder be made of materials not susceptible
of rapid corrosion and that it be as large as possible in relation to the
samples being tested. The inside of the cylinder should be polished to a
smooth finish, and sharp cutting edges should be provided on the base. It
is very important that no voids form between the sample and cylinder; to
facilitate detection of such voids, a volumetric cylinder of transparent
Lucite with detachable steel cutting edges may be used.

(2) Guide cylinder for guiding cutter into soil (not absolutely
necessary).

(3) Trimming tools, such as wire saw, straightedge, or knife.

(4) Oven (see Appendix I, WATER CONTENT -~ GENERAL).

(5) Specimen container. The container should be of metal

that is resistant to corrosion. Seamless aluminum pans with lids are

satisfactory.

(6) Balance, sensitive to 0.1 g.
(7) Glass plate, large enough to cover top of specimen.
c. Procedure. The procedure shall consist of the following steps:
(1) Record on a data sheet (Plate II-41 is a suggested form)
all identifying information for the sample, such as project, boring number,
and other pertinent data.
(2) Measure and record the height, H, and inside diameter,

D, of the volumetric cylinder. In general, linear measurements shall be

I1-3
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NOTE: DIMENSIONS AND MATERIAL S OF
CONSTRUCTION MAY VARY
DEPENDING ON Si2€ OF SAMPLES
AVAILABLE AND TYPES OF SOILS
TO BE TESTED

LUMINUM GUIDE CYLINDER
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(b) VOLUMETRIC CYLINDER OF SPLIT-RING TYPE, SHOWING METHOD OF USE

Figure 2. Examples of volumetric cylinders
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trisetle: with an accuracy which will result in a volumetric error, dﬂ,«'j‘va

of less than 1 percent. The volumetric error is represented by the

expression:
gg‘. percent= 200 §§~+ 100 %i
where dH= accuracy of height measurement
dD = accuracy of diameter measure Lt

(3) Center the volumetric cylinder on top of the sample. The
sample may be roughly trimmed to a size somewhat larger than the cylin-
der (see Fig. 2b) or the entire available sample may be used (see Fig. 3).
Push the cylinder vertically into the sam-
ple not more than iif«é in. and carefully
trim the soil from the edge of the cylinder
(see Fig. 3). Repeat the operation until
the specimen protrudes above the top, of

the calibrated cylinder. Care should be
taken that no voids are formed between
the cylinder and specimen. Using a wire
saw for soft specimens and a knife,
straightedge, or other convenient tool for
harder specimens, trim the top of the
specimen flush with the top of the cylin-
der. Invert the specimen, place it on a

glass plate, and trim the bottom of the

specimen,

Figure 3. Determining the
unit weight of a soil speci-
from the volumetric ecylinder using a men with the volumetric

cylinder (split-ring type)

(4) Remove the specimen

guide cylinder, if available, and place it

in a container. Weigh the specimen and container and record this weight
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on the data sheet as the weight of tare plus wet soil. Alternatively, the
wet weight of the specimen may be determined by weighing the wvolumet-
ric cylinder with the specimen therein and then removing the material and
placing it in a container for a water content deter.mination.

(5) Place the soil and container in an oven and oven-dry the
specimen at 140 C % 5, allow it to cool, and then weigh. Record this
weight as weight of tare plus dry soil.

d. Computations. (1) Quantities obtained in test. The following

quantities are obtained in the test.

(a) Weight of tare (specimen container or cylinder) plus
wet soil The tare weight is subtracted from this value to obtain the
weight of wet soil, W.

(b) Weight of tare (specimen container plus dry soil. The
tare weight is subtracted from this value to obtain the weight of dry
soil, W8 ,

is computed by the following formula:

or if the alternate procedure is used, dry weight of specimen

wet weight of specimen

Dry weight of specirnen = A { water content of specimen )
BN 100
\id

Ve * TH0.0tw
(c) The inside volume of the volumetric cylinder. Volume,

V,»f the wet soil specimen is equal to this volume. The volume, V , may
also be computed from linear measurements of a specimen in the form of
a cylinder or parallelepiped.

(2) Unit weignes. The wet unit weight, Yo ? and the dry unit
weight, vq: expressed in terms of pounds per cubic foot, are computed
by the fo: lowing formulas:

weight in g of wet specimen 62.4
volume in cc of wet specimen ’

Wet unit weight =

W
Y VX 62.4
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weight in g of dry specimen
volume in cc of wet specimen

Ws
Yd:TX 62.4

Dry unit weight =

x 62.4

(8) Void ratio. The void ratio, e, is computed by the following
following formula:

volume in cc of wet specimen =volurie in cc of solids

Void ratio = volume in cc of ¢~iids
Vs
w
where Vs = volume of solids =-é-§-
s
G_ = specific gravity of solids (see Appendix IV, SPECIFIC

S GRAVITY)

(4) Porosity. The porosity, n, is computed by the following
formula:

volume in cc of wet specimen - volume in
cc of solids

- - x 100
volume in cc of wet specimen

3]

Porosity, percent

VavVv

-—Vixmo

n, percent

(5) Degree of saturation. The degree of saturation, S, is

computed by the following formula:
volume in cc of water 100

volume in cc of wet specimen
« volume in cc of solids

Degree of saturation, percent =

v
S, percent = V—-EV— x 400
s

where V_ = W_ = difference between the wet weight of the ‘soil speci-
v men and the oven-dried weight
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In the metric system, the volume of water, Vw, is approximately equal

numerically to the weight of water, Ww'

4. DISPLACEMENT METHOD. a. Description. The displacement

method consists of determining the total volume of a soil by measuring
the volume or weight of water displaced by the soil mass. The method is
particularly adaptable to irregularly shaped specimens and soils con-
taining gravel, shells, etc.
b. Apparatus. The apparatus should consist of the following:

(1) Balance, sensitive to 0.1 g.

(2) Wire basket of sufficient size to contain the soil
specimen.

(3) Can, or container, of sufficient size to submerge the wire
basket and specimen.

(4) Oven (see Appendix I, WATER CONTENT - GENERAL).

(5) Specimen container. The container should be of metal
that is resistant to corrosion, Seamless aluminum pans with lids are

satisfactory.
(6) Paintbrush.

(7) Microcrystalline wax or paraffin.t

(8) Container for melting wax, preferably with a self-

contained thermostat.
(9) Thermometer, range 0 to 50 C, graduated in 0.1 deg.
¢. Procedure. The procedure shall consist of the following steps:

(1) Record all identifying information for the sample, such as

T Among the many microcrystalline waxes found satisfactory are Product

2300 of the Mobil Oil Company, Microwax 75 of the Gulf Oil Corpora-
tion, and Wax 1290 of the Sun Oil Company. Paraffin alone is not as

suitable for sealing soil specimens because its brittleness and shrink-
age upon cooling will cause cracking, especially in thin sections and at
corners; a mixture of 50 percent paraffin and 50 percent petrolatum
has properties that approach those of a microcrystalline wax.

I1-8
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project, boring number, or other pertinent data, on the data sheet
(Plate II-2).

(2) Determine, if not previously established, the specific
gravity of the wax to be used. (About 0.9 g per cc, but should be deter-
mined for each batch of wax.)

(3) Cut a specimen from the sample to be tested. (The size
of the specimen is not very important provided the capacity of the balance
is not exceeded. In general, more accurate results will be obtained with
larger specimens.) Trim the specimen to a fairly regular shape, Re-
entrant angles should be avoided, and any cavities formed by large parti-
cles being pulled out should be patched carefully with material from the
trimmings.

(4) Determine and record the wet weight of the soil specimen.

(5) Cover the specimen with a thin coat of melted wax, either
with a paintbrush or by dipping the specimen in a container of melted wax.
Apply a second coat of wax after the first coat has hardened. The wax
should be sufficiently warm to flow when brushed on the soil specimen,
yet it should not be so hot that it penetrates the pores of the soil. If hot
wax comes in contact with the soil specimen it may cause the moisture to
vaporize and form air bubbles under the wax.

(6) Determine and record the weight of the wax-coated
specimen in air.

(7) Determine and record the submerged weight of the wax-
coated specimen. This is done by placing the specimen in a wire basket
hooked onto a balance and immersing the basket and specimen in a can of
water as shown in Figure 4. In order to directly measure the submerged
weight of the wet soil and wax, the balance must have been previously bal-
anced with the wire basket completely submerged in the can of water. Ensure
that the specimen is fully submerged, and that the basket is not touching the
sides or bottom of the container. Measure the temperature of the water.

(8) Remove the wax from the specimen. It can be peeled off

I1-9
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after a break is made in the wax sur-
face. Use the entire sample, or as
much as is free of wax inclusions, for
a water content determination (see
Appendix I, WATER CONTENT -

GENERAL).
d. Computations. The follow-

ing quantities are obtained directly in
the test:

{1} Weight of uncoated
specimen, W.

{2, Weight of soil plus
wax. The weight of uncoated speci-
men, W, is subtracted from this

value to obtain the weight of wax.

Figure 4. Determining the weight (8) Weight of soil plus wax

of a wax-coated specimen sub~ in water.
merged in water The following computations
shall be made:

{1} Divide the weight of the wax by its specific gravity. This
gives the volume of the wax.

(2) Subtract the weight of the wax-coated specimen in water
from its weight in air. The difference divided by the density of water at the
test temperature (see Table IV- 1, Appendix IV, SPECIFIC GRAVITY) is
numerically equal to the volume of the coated specimen in cubic centimeters.

(3) Subtract the volume of wax from the volume of the coated
specimen to obtain the total volume of the soil specimen, V.

(4) Compute the water content of the specimen (see Appendix I,
WATER CONTENT - GENERA-L). If the entire specimen is used for the

water content determination, obtain the dry weight of specimen,ws, di-

rectly. If only a portion of the initial specimen is used for the water
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content determination, compute the dry weight of specimen according to
the following formula:

wet weight of uncoated soil

Dry weight of specimen =
Y & P 1 +<water content of wet soil

100

_ W
ws=

Based on the above information, compute the unit weights, void
ratio, porosity, and degree of saturation as specified hereinbefore.
5. POSSIBLE ERRORS. Following are possible errors that would

cause inaccurate determinations of the total volume:
a. Volumetric Method.. (1) Imprecise measurement of volu-

metric cylinder (or of cylindrical specimen trimmed by other methods).

Three height measurements and nine diameter measurements should be
made to determine the average height and diameter of the cylinder.
Precise calipers should be used for these measurements rather than flat
scales.

(2) Voids formed on side of specimen by trimming beyond
cutting edge.

(3) Material lost while removing specimen from cylinder.

b. Displacement Method. Voids on surface of specimen not

filled by wax or air bubbles formed beneath wax.
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APPENDIX III:
LIQUID AND PLASTIC LIMITS

l« INTRODUCTION

a. The Atterberg Limits. The Atterberg limits are water
contents which define the limits of various stages of consistency
for fine-grained soils. The liquid limit (LL) and the plastic
limit (PL) define the upper and lower limits, respectively, of
the plastic range of a soil; the numerical difference between
these two limits expresses the plasticity of a soil and is termed
the plasticity index (PI). Detailed procedures for determining
the liquid and plastic limits for use in classifying soils and
developing correlations with engineering properties of soils are
given below, and a simplified method for determining the liquid
limit is described in Appendix IIIA, ONE-POINT LIQUID LIMIT TEST.

A detailed procedure for determining the shrinkage limit is given
in Appendix IIIB, SHRINKAGE LIMIT TEST.

b, Definitions.

(1) Liquid Limit. The liquid limit of a soil is the
water content, expressed as a percentage of the weight of oven-
dried soil at which two halves of a soil pat separated by a
groove of standard dimensions will close at the bottom of the

groove along a distance of 1/2 in. under the impact of 25 blows
in a standard liquid limit device.

(2) Plastic Limit. The plastic limit of a soil is the
water content, expressed as apercentage of the weight of oven
dried soil at which the soil just begins to crumble into short
pieces when rolled into a thread 1/8 in. in diameter.
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2. APPARATUS

a. Liquid Limit Device. A mechanical device consisting of

a brass cup suspended from a carriage designed to control its
drop onto a hard rubber base. A drawing showing the essential
features of the device and the critical dimensions is given in
Figure 1. The design of the device may vary provided that the
essential functions are preserved. The device may be operated
either by a hand crank or by an electric motor.

(1) Base. The base shall be hard rubbert having a D
Durometer hardness of 80 to 90, and a resilience such that an
8-mm (5/16-in.) diameter polished steel ball, when dropped from a
height of 25 cm (9.84 in.) will have an average rebound of at
least 80% but no more than 90%. The tests shall be conducted on
the finished base with feet attached.

(2) Feet. The base shall be supported by rubber feet
designed to provide isolation of the base from the work surface
and having an A Durometer hardness no greater than 60 as measured
on the finished feet attached to the base.

(3) Cup. The cup shall be brass and have a weight,
including cup hanger, of 185 to 215 gq.

(4) Cam. The cam shall raise the cup smoothly and
continuously to its maximum height, over a distance of at least

180° of cam rotation. The preferred cam motion is a uniformly *

 Micarta No. 221A has been used in the past. It is satisfac-
tory as long as it meets the resilience requirement set forth
for hard rubber.
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accelerated 1lift curve.* The design of the cam and follower com-
bination shall be such that there is no upward or downward veloc-

ity of the cup when the cam follower leaves the cam.

(5) Carriage. The cup carriage shall be constructed
in a way that allows convenient but secure adjustment of the
height of drop of the cup to 10 mm (0.394 in.). The cup hanger
shall be attached to the carriage by means of a pin which allows
removal of the cup and cup hanger for cleaning and inspection.

(6) Optional Motor Drive. As an alternative to the
hand crank shown in Figure 1, the device may be equipped with a
motor to turn the cam. Such a motor must turn the cam at
2t 0.1 revolutions per second, and must be isolated from the
rest of the device by rubber mounts or in some other way that

prevents vibration from the motor being transmitted to the rest

of the apparatus. It must be equipped with an ON-OFF switch and
means of conveniently positioning the cam for height of drop
adjustments. The results obtained using a motor-driven device
must not differ from those obtained using a manually operated
device.

b. Grooving Tool. A grooving tool having dimensions as

shown in Figure 2. The tool shall be made of plastic or *

* The cam and follower design in Figurel is for uniformly
accelerated (parabolic) motion. after contact and assures that
the cup has no velocity at drop off. Other cam designs also
provide this feature and may be used. However, 1f the cam-
follower 1lift pattern is not known, zero velocity as drop off
can be assured by carefully filing or machining the cam and
follower so that the cup height remains constant over the last
20 to 45° of cam rotation.
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DIMENSIONS
LETTER A4 B2 cA b2 EA Fa
MM 2 i 40 8 50 2
+ 0.1 0.2 £ 05| %01 +05 | t 0.l
LETTER G H J KA L4 N
MM 10 13 60 10 60 DEG | 20
MINIMUM +0.05 | + | DEG

4 ESSENTIAL DIMENSIONS

‘BACK AT LEAST {5 MM FROM TIP

NOTE: DIMENSION A SHOULD BE {.9-2.0 AND DIMENSION D
SHOULD BE 8.0-8.1 WHEN NEW TO ALLOW FOR

ADEQUATE SERVICE LIFE

N

e G

r-.—z—u

l F—l m
f. i

Figure 2. Grooving tool (optional height-of-drop gage attached)

noncorroding metal.* The design of the tool may vary as long as
the essential dimensions are maintained. The tool may, but need
not, incorporate the gage for adjusting the height of drop of the
liquid limit device. %

* Polycarbonate plastic grooving tools meeting the dimensional
requirements given above are available to US Government
agencies through the US Army Engineer Division Laboratory,
Southwestern, 4815 Cass Street, Dallas, TX 75235,
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c. Gage. A metal gage block for adjusting the height of
drop of the cup, having dimensions as shown in Figure 3. The
design of the tool may vary provided the gage will rest securely
on the base without being susceptible to rocking, and the edge
which contacts the cup during adjustment is straight, at least

10 mm (3/8 in.) wide, and without bevel or radius.

RRE—— 4 —s0s—

T

25

|

Figure 3. Height of drop gage

DIMENSIONS IN MILLIMETERS

d. Containers. Small corrosion-resistant containers with

snug-fitting lids for water content specimens. Aluminum or
stainless steel cans 2.5 cm (1 in.) high by 5 em (2 in.) in
diameter are appropriate.

e. Balance. A balance readable to at least 0.01 g and
having an accuracy of 0.03 g within three standard deviations
within the range of use. Within any 15-g range, a difference
between readings shall be accurate within 0.01 g.

f. Storage Container. A container in which to store the

prepared soil specimen that will not contaminate the specimen in
any way, and which prevents moisture loss. A porcelain, glass,
or plastic dish about 11.4 cm (4-1/2 in.) in diameter and a
plastic bag large enough to enclose the dish and be folded over
is adequate.
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g. Ground Glass Plate. A ground glass plate at least
30 cm (12 in.) square by 1 cm(3/8 in.) thick for mixing soil and
rolling plastic limit threads.

h. Spatula. A spatula or pill knife having a blade about
2 cm (3/4 in.) wide by about 10 cm (4 in.) long. 1In addition, a
spatula having a blade about 2.5 cm(l in.) wide and 15 cm
(6 in.) long has been found useful for initial mixing ofsamples.

i. Sieve. A 20.3 cm (8 in.) diameter, 425-um (No. 40)
sieve conforming to the requirements of ASTM Specification Ell
and having a rim at least 5 cm (2 in.) above the mesh. A 2-mm
(No. 10) sieve meeting the same requirements may also be needed.

j+ Wash Bottle. A wash bottle or similar container for
adding controlled amounts of water to soil and washing fines from
coarse particles.

ke Drying Oven. A thermostatically controlled oven,
preferably of the forced-draft type, capable of continuously
maintaining a temperature of 110 ¢ 5° C throughout the drying
chamber. The oven shall be equipped with a thermometer of
suitable range and accuracy for monitoring oven temperature.

l. Washing Pan. A round, flat-bottomed pan at least
7.6 cm (3 in.) deep, slightly larger at the bottom than a 20.3-cm
(8=in,) diameter sieve.

m. Rod (Optiomnal). A metal or plastic rod or tube 3.2 mm
(1/8 in.) in diameter and about 10 cm (4 in.) long for judging
the size of plastic limit threads.
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n. Mixing Water. A supply of distilled or demineralized
water.

o. Blender (Optional). A single speed blender with
1,000 ml container for preparing clay shale materials.

3. CALIBRATION OF APPARATUS

a. Inspection for Wear

(1) Liquid Limit Device. Determine that the 1liquid
limit device is clean and in good working order. The following
specific points should be checked:

(2) Wear of Base. The spot on the base where the cup
makes contact should be worn no greater than 10 mm(3/8 in.) in
diameter. If the wear spot is greater than this, the base can be
machined to remove the wear spot provided the resurfacing does
not decrease base thickness to less than that specified in 2(a)
and the other dimensional relationships are maintained.

(3) Wear of Cup. The cup must be replaced when the
grooving tool has work a depression in the cup 0.1 mm (0.004 in.)
deep or when the edge of the cup has been reduced to half its
original thickness. Verify that the cup is firmly attached to
the cup hanger.

(4) Wear of Cup Hanger. Verify that the cup hanger
pivot does not bind and is not.worn to an extent that allows more

than 3-mm (1/8 in.) side-to-side movement of the lowest point on
the rim. *
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* (5) Wear of Cam. The cam shall not be worn to an

extent that the cup drops before the cup hanger (cam follower)
loses contact with cam.

(6) Grooving Tools. Inspect grooving tools for wear

on a frequent and regular basis. The rapidity of wear depends on
the material from which the tool is made and the types of soils
being tested. Sandy soils cause rapid wear of grooving tools;
therefore, when testing these materials, tools should be in-
spected more frequently than for other soils. Any tool with a
tip width greater than 2.1 mm must not be used. The depth of the
tip of the grooving tool must be 7.9 to 8.1 mm. The width of the
tip of grooving tools is conveniently checked using a pocket-
sized measuring magnifier equipped with a millimeter scale.
Magnifiers of this type are available for most laboratory supply
companies. The depth of the tip of grooving tools can be checked
using the depth measuring feature of vernier calipers.

(7) Blender Blades. Blender blades should be replaced

when their overall length becomes 3 mm (1/8 in.) less than their
original length.

b, Adjustment of Height of Drop. Adjust the height of
drop of the cup so that the point of the cup that comes in con-
tact with the base rises to a height of 10 % 0.2 mm. A conve-
nient procedure for adjusting the height of drop is as follows:
place a piece of masking tape across the outside bottom of the
cup parallel with the axis of the cup hanger pivot. The edge of
the tape away from the cup hanger should bisect the spot on the
cup that contacts the base. For new cups, placing a piece of
carbon paper on the base and allowing the cup to drop several
times will mark the contact spot. Attach the cup to the device
and turn the crank until the cup is raised to its maximum height.?
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Slide the height gage under the cup from the front, and observe
whether the gage contacts the cup or the tape (see Figure 4). If
the tape and cup are both contacted, the height of drop is ap-
proximately correct. If not, adjust the cup until simultaneous
contact is made. Check adjustment by turning the crank at

2 revolutions per second while holding the gage in position
against the tape and cup. If a ringing or clicking sound is
heard without the cup rising from the gage, the adjustment is
correct. If no ringing is heard or if the cup rises from the
gagel readjust the height of drop. If the cup rocks on the gage
during this checking operation, the cam follower pivot is exces-
sively worn and the worn parts should be replaced. Always remove
tape after completion of adjustment operation.

POINT WHERE
CUP CONTACTS BASE

L7 A
OUOONNNNN

>/ B

HEIGHT GAUGE

SUONSN NN N

T \ N\

\-MASKING TAPE APPLIED AS AID
IN ADJUSTMENT OPERATION

Figure 4. Calibration for height of drop
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4. PREPARATION OF MATERIAL

a. Selection of Material. It is essential that the same
carefully prepared soil mixture be used for determining both the
liquid and plastic limits. Layers of soil of different plastic-
ity should not be mixed. Furthermore, if the natural water con-
tent is to be determined, the specimen must be taken from an
identical mixture to permit valid correlations. If other test
results are to be correlated with the liquid and plastic limits,
the material used for the determinations must be the same as that
tested. Clay shale materials require special preparation as dis-
cussed in Paragraph 9.

b. Effects of Drying., Whenever possible, soils should be
at the natural water content when preparation for testing is
begun. If drying has occurred before testing; the limit values
may change. The plasticity of soils containing organic colloids
and certain types of inorganic colloids derived from volcanic

rocks is highly sensitive to drying. The effects of drying can
be determined by comparing the liquid limit values of specimens
in “undried," "airdried," and "ovendried" states.

c. General Preparation of Material

(1) Samples Passing the 425-uym (No. 40) Sieve. When
by visual and manual procedures, it is determined that the sample
has little or no material retained on the 425-ym (No. 40) sieve,
prepare a specimen of 150 to 200 g by mixing thoroughly with
distilled or demineralized water on the glass plate using the
spatula. If desired, soak soil in a storage dish with small
amount of water to soften the soil before the start of mixing.
Adjust the water content of the soil to bring it to a consistency
that would require 15 to 25 blows of the liquid limit device to
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close the groove. The time taken to adequately mix a soil will
vary greatly depending on the plasticity and initial water
content. Initial mixing times of more than 30 min may be needed
for stiff, fat clays. If, during mixing, a small percentage of
material is encountered that would be retained on a 425-um

(No. 40) sieve, remove these particles by hand, if possible. If
it is impractical to remove the coarser material by hand, remove
small percentages (less than about 15%) of coarser material by
working the specimen through a 425-ym (No. 40) sieve using a
piece of rubber sheeting, a rubber stopper,or other convenient
device provided the operation does not distort the sieve or
degrade material that would be retained if the washing method
described in the next paragraph were used. If larger percentages
of coarse material are encountered during mixing, or it is con-
sidered impractical to remove the coarser material by the methods
just described, wash the sample as described in the next para-
graph. When the coarse particles found during mixing are concre-
tions, shells, or other fragile particles, do not crush these
particles to make them pass a 425-ym (No. 40) sieve, but remove
by hand or by washing. Place the mixed soil in the storage dish,
cover to prevent loss of moisture, and allow to stand for at
least 16 hr (overnight). After the standing period and immedi-
ately before starting the test, thoroughly remix the soil.

(2) Samples Containing Material Retained on a 425-um
(No. 40) Sieve

(a) Select a sufficient quantity of soil at
natural water content to provide 150 to 200 g of material passing
the 425-um (No. 40) sieve. Place in a pan or dish and add
sufficient distilled or demineralized water to cover the soil.
Allow to soak until all lumps have softened and the fines no
longer adhere to the surfaces of the coarse particles. *
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* (b) When the sample contains a large percentage
of material retained on the 425-um (No. 48) sieve, perform the
following washing operations in increments, washing no more than
0.5 kg (1 1b) of material at one time. Place the 425-ym (No. 40)
sieve in the bottom of the clean pan. Pour the soil water mix-
ture onto the sieve. If gravel or coarse sand particles are
present, rinse as many of these as possible with small quantities
of water from a wash bottle and discard. Alternatively, pour the
soil water mixture over a 2-mm (No. 10) sieve nested atop the
425-ym (No. 40) sieve, rinse the fine material through and remove
the 2-mm (No. 10) sjeve. After washing and removing as much of
the coarser material as possible, add sufficient water to the pan
to bring the level to abouti3mm(1/2 in.) above the surface of
the 425-um (No. 4#) sieve. Agitate the slurry by stirring with
the fingers while raising and lowering the sieve in the pan and
swirling the suspension so that fine material is washed from the
coarser particles. Disaggregate fine soil lumps that have not
slaked by gently rubbing them over the sieve with the fingertips.
Complete the washing operation by raising the sieve above the
watersurface and rinsing the material retained with a small
amount of clean water. Discard material retained on the 425-um
(No. 40) sieve.

(c¢) Reduce the water content of the material
passing the 45-ym (No. 4@) sieve until it approaches the liquid
limit. Reduction of water content may be accomplished by one or
a combination of the following methods: (a) exposing the air
currents at ordinary room temperature, (b) exposing to warm air
currents from a source such as an electric hair dryer,(c) £fil-
tering in a Buckner funnel or using filter candles, (d) decanting
clear water from surface of suspension, or (e) draining in a
colander or plaster of paris dish lined with high retentivity, *
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* high wet-strength filter paper.* If a plaster of paris dish is
used, take care that the dish never becomes sufficiently satu-
rated that it fails to actively absorb water into its surface.
Thoroughly dry dishes between uses. During evaporation and cool-
ing, stir the sample often enough to prevent overdrying of the
fringes and soil pennacles on the surface of the mixture. For
soil samples containing soluble salts, use a method of water
reduction such as (a) or (b) that will not eliminate the soluble
salts from the test specimen.

(d) Thoroughly mix the material passing the
425-um éﬁl 40) sieve on the glass plate using the spatula.
Adjust e water content of the mixture, if necessary, by adding
small increments of distilled or demineralized water or by allow-
ing the mixture to dry at room temperature while mixing on the
glass plate. The soil should be at a water content that will
result in closure of the groove in 15 to 25 blows. Return the
mixed soil to the mixing dish, cover to prevent loss of moisture,
and allow to stand for at least 16 hr. After the standing
period, and immediately before starting the test, remix the soil
thoroughly.

5. LIQUID LIMIT
a. Procedure

(1) Place a portion of the prepared soil in the cup of
the liquid limit device at the point where the cup rests on the
base, squeeze it down, and spread it into the cup to a depth of
about 10 mm at its deepest point, tapering to form an

* S&S 595 filter paper in 32 cm circles has been found
satisfactory.
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* approximately horizontal surface. Take care to eliminate air
bubbles from the soil pat, but form the pat with as few strokes
as possible. Heap the unused soil on the glass plate and cover

with the inverted storage dish or a wet towel.

(2) Form a groove in the soil pat by drawing the tool,
beveled edge, forward through the soil on a line joining the
highest point to the lowest point on the rim of the cup. When
cutting the groove, hold the grooving tool against the surface of
the cup and draw in an arc maintaining the tool perpendicular to
the surface of the cup throughout its movement (see Figure 5).

[~ Y LR . I I . - e

Figure 5. Grooved soil pat in liquid limit device

In soils wlere a groove cannot be made in one stroke without
tearing the soil cut the groove with several strokes of the
grooving tool. Alternately, cut the groove to slightly less than
required dimensions with a spatula and use the grooving tool to
bring the groove to final dimensions. Exercise extreme care to
prevent sliding the soil pat relative to the surface or the cup.
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{3) Verify that no crumbs of soil are present on the
base or the underside of the cup. Lift and drop the cup by turn-
ing the crank at a rate of 1.9 to 2.1 drops per second until the
two halves of the soil pat come in contact at the bottom of the
groove along a distance of 13 mm(l/2 in.) (see Figure 6). Use
the end of the grooving tool (Figure 2) or a scale to verify that
the groove has closed 13 mm(1/2 in.).

Figure 6. Soil pat after groove has closed

(4) Verify that an air bubble has not caused premature
closing of the groove by observing that both sides of the groove
have flowed together with approximately the same shape. If a
bubble has caused premature closing of the groove, reform the
soil in the cup by adding a small, amount of soil to make up for
that lost in the grooving operation and repeat 5a(l) through
5a(3). TIf the soil slides on the surface of the cup,,repeat
5a(1l) through 5a(3) at a higher water content. If, after several
trials at successively higher water contents, the soil pat
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continues to slide in the cup or if the number of blows required
to close the groove is always less than 25, record that the
liquid limit could not be determined, and report the soil as non-

plastic without performing the plastic limit test.

(5) Record the number of drops (N) required to close
the groove. Remove a slice of soil approximately the width of
the spatula extending from edge to edge of the soil cake at right
angles to the groove and including that portion of the groove in
which the soil flowed together, place in a weighed container, and
cover.

(6) Return the soil remaining in the cup to the glass
plate. Wash and dry the cup and grooving tool and reattach the
cup to the carriage in preparation for the next trial.

(7) Remix the entire soil specimen on the glass plate
to reduce the water content of the soil and increase the number

~of blows required to close the groove. Repeat 5a(l) through

5a(6) for at least three additional trials producing successively
greater numbers of blows to close the groove. Preferably, two
trials should produce closure in 25 blows or less, and two trials
should produce closure in 25 blows or more.

(8) Determine the water content (WN) of the soil
specimen from each trial in accordance with the procedure in
Appendix I, WATER CONTENT - GENERAL. Make all weighings on the
same balance. Initial weighings should be performed immediately
after completion of the test. If the test is to be interrupted
for more than about 15 min, the specimens already obtained should
be weighed at the time of the interruption.
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b. Calculations.

(1) Plot the relationship between the water content,
Wy » and the corresponding number of drops, N, of the cup on a
semilogarithmic graph with the water content as ordinates on the
arithmetical scale, and the number of drops as abscissas on the
logarithmic scale. See Plate III-1 for an example data form.
Draw the best straight line through the four or more plotted
points.

(2) Take the water content corresponding to the
intersection of the line with the 25-drop abscissa as the liquid
limit of the soil. Computational methods may be substituted for
the graphical method for fitting a straight line to the data and
determining the 1liquid 1limit.

6. PLASTIC LIMIT

a. Preparation of Test Specimen. Select a 20-g portion of
soil from the material prepared for the liquid limit test, either
after the second mixing before the test, or from the soil remain-
ing after completion of the test. Reduce the water content of
the soil to a consistency at which it can be rolled without

sticking to the hands by spreading and mixing continuously ohhe
glass plate. The drying process may be accelerated by exposing
the soil to the air current from an electric fan or by blotting
with paper that does not add any fiber to the soil such as hard
surface paper toweling or high wet strength filter paper.

b. Procedure

(1) From the 20-g mass, select a portion of 1.5 to
2.0 g. Form the test specimen into an ellipsoidal mass. Roll =
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* this mass between the palm or fingers and the ground-glass plate
with just sufficient pressure to roll the mass into a thread of
uniform diameter throughout its length. A normal rate of rolling
for most soils should be 80 to 90 strokes per minute counting a
strokeI@s one complete motion of the hand forward and back to the
starting position. This rate of rolling may have to be decreased
for very fragile soils. The thread shall be further defjrmed on
each stroke so that its diameter is continuously reduced; and its
length extended until the diameter reaches 3.2t 0.5 mm
(0.125 # 0.020 in.), taking no more than 2 minutes to<xﬁmlete
the rolling operation. A 3.2=-mm (1/8-in.) diameter rod or tube
is useful for frequent comparison with the soil thread&>ascer-
tain when the thread has reached the proper diameter especially
for inexperienced operators. The amount of hand or finger pres-
sure required will vary greatlyaccording to the soil. Fragile
soils of low plasticity are best rolled under the outer edge of
the palm or at the base of the thumb. When the diameter of the
thread becomes 3.2 mm, break the thread into several pieces.
Squeeze the pieces together, knead between the thumb and first
finger of each hand, reform into an elliposidal mass, and reroll.
Continue this alternate rolling to athread 3.2 mm in diameter,
gathering together, kneading and rerolling, until the thread
crumbles under the pressure required for rolling, and the soil
can no longer be rolled into a 3.2-mm diameter thread (see
-Figure 7). It has no significance if the thread breaks into
threads of shorter length. Roll each of these shorter threads to
3.2 mm in diameter. The only requirement for continuing the test
is that they are able to be reformed into an ellipsoidal mass and
rolled out again. The operator shall at no time attempt to pro-
duce failure at exactly 3.2 mm diameter by allowing the thread to
reach 3.2 mm, then reducing the rate of rolling or the hand pres-
sure, or both, while continuing the rolling without further
deformation until the thread falls apart. It is permissible, *
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Figure 7. Lean clay soil at the plastic limit

however, to reduce the total amount of deformation for feebly
plastic soils by making the initial diameter of the elliposidal
mass nearer to the required 3.2 mm final diameter. If crumbling
occurs when the thread has a diameter greater than 3.2 mm, this
shall be considered a satisfactory end point provided the soil
has been previously rolled into a thread 3.2 mm in diameter.
Crumbling of the thread will manifest itself differently with the
various types of soil. Some soils fall apart in numerous small
aggregations of particles, others may form an outside tubular
layer that starts splitting at both ends. The splitting pro-
gresses toward the middle, and finally,the thread falls apart in
many small platy particles. Fat clay soils require much pressure
to deform the thread, particularly as they approach the plastic
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* limit. With these soils, the thread breaks into a series of

barrel-shaped segments about 3.2 to 9.5 mm(1/8 to 3/8 in.) in
length.}

(2) Gather the portions of the crumbled thread

together and place in a weighed container. Immediately cover the
container.

(3) Select another 1.5 to 2.0 g portion of soil from
the original 20-g specimen and repeat the operations described in
17.1 and 17.2 until the container has at least 9 g of soil.

(4) Repeat 17.1 through 17.3 to make another container
holding at least 9 g of soil. Determine the water content, in
percent, of the soil contained in the containers in accordance
with the procedure given in Appendix I, WATER CONTENT - GENERAL.
Make all weighings on the same balance.

c. Calculations. Compute the average of the two water
contents. If the difference between the two water contents is
greater than two percentage points, repeat the test. The plastic
limit is the average of the two water contents.

7. PLASTICITY INDEX

a. Calculations. Calculate the plasticity index as
follows:

PI =LL - PL

t A. Casagrande, R. C. Hirschfield, and S. J.Poulos, Third
Progress Report on Investigation of Stress-Deformation and
Strength Characteristics of CompactedClays, Soil Mechanics
Series No. 70, Harvard University (Cambridge, Mass., November
1963).
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* where
LL = the liquid limit
PL = the plastic limit

Both LL and PL are whole numbers. If either the liquid
limit or plastic limit could not be determined, or if the plastic
limit is equal to or greater than the liquid limit, report the
soil as nonplastic, NP.

b, Plasticity chart. Errors in computing the liquid or
plastic limits sometimes can be detected by plotting the values
of liquid limit versus plasticity index on the plasticity chart?
as shown in Figure 8. The upper limit line starts from a liquid
limit of 8 at a plasticity index of 0 and rises toward the right
with a slope of 9 vertically on 10 horizontally; the equation of
the upper limit 1line, therefore, is PI=0.9 (LL - 8). A plot of
liquid limit versus plasticity index for natural soils has never
been known to fall above the upper limit line. Plate III-2 1is a
suggested form for the graphical correlation of the various
Atterberg limits data within a project or testing assignment.

8. REPORT

a. Report the following information:

(1) Sample identifying information, *

1 US Army Engineer Waterways Experiment Station, The Unified
Soil Classification System, Technical Memorandum No. 3-357,
Vol 1 (Vicksburg, Miss., March 1953, revised April 1960). An
abridged version of the material in this report is presented in
Military Standard MIL-STD-619A, 20 March 1962.
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Figure 8. Plasticity chart showing classification
group symbols

(2) Any special specimen selection process used such
as removal of sand lenses from undisturbed sample,

(3) Liquid limit, plastic limit, and plasticity index
to the nearest whole number and omitting the percent designation.
If the liquid limit or plastic limit is equal to or greater than
the liquid limit, report the soil as nonplastic, NP,

(4) An estimate of the percentage of sample retained
on the 425-um (No. 40) sieve, and

(5) Procedure by which liquid limit was performed, if
it differs from the multipoint method.
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9. PREPARING CLAY SHALE MATERIAL FOR TESTING

a. General. Investigations have shown that classification
indexes of clay shale materials are affected by air-drying and
slaking, by oven-drying and slaking, by the type and duration of
mechanical dispersing, and by other variations in procedure.
While the methods for preparing clay shale material for testing
should cover a sufficient range of disaggregation efforts to
assess the strength of interparticle bonds, the number of
variables allowed to influence the indexes must be minimized by
standardized procedures to prevent the classification of each
material becoming a minor research project in itself. Therefore,
three standard methods of processing clay shale material will be
used. These will be referred to as the blenderized, undried, and
air-dried methods.

The primary method is to test material that has been
essentially completely disaggregated by high-speed blenderizing;
this method will provide a reference value and it should be used
for all clay shale samples on which Atterberg limits are to be
determined. To provide additional indexes as desired, material
that has not been subjected to any drying and material that has
been subjected to a single cycle of air-drying and soaking may be
tested. These two methods should be used on sufficient represen-
tative samples to cover the range of samples identified by the
primary method.

b, Standard Methods. When material is to be prepared by

all three processing procedures, exercise care that the parent
material for the batches is similar. Divide the piece of sample
selected by a vertical cut into two parts with one piece about
twice as large as the other. Shave the smaller piece into dis-

tilled water to produce the undried batch, and use the larger
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* piece to produce the other two batches. Figure 9 shows a flow

diagram of the three preparation methods and indicates when
separation of batches is required. Material may be taken from
each of the three batches and used for Atterberg limits deter-
minations without further processing. Details of each procedure
are as follows.

(1) Blenderized (primary method). Shave or shred
material at essentially natural water content and dry to a

constant weight in an atmosphere with a temperature less than
50° C and a relative humidity less than 30 percent. After a
constant weight is attained (and after a drying period of at
least 48 hr), soak the material in distilled water for at least
48 hr.

(a) Place about 500 ml of the slurry in the
1,000-m1 glass container (available from any laboratory supply
company) of a Waring single-speed blender. Make the initial
water content of the slurry above 300 percent or more than twice
the estimated liquid limit (blenderized), whichever is greater.
Typically, the weight of dry soil in the blender at any one time
should not exceed 150 g.

(b) Blenderize the slurry without interruption
for 10 min and then wash through a 425-ym (No. 40) sieve. Remove
excess water using a plaster of Paris dish lined with filter
paper. Work material at a water content above the liquid limit
in a thin layer on a glass plate with a steel spatula until no
further reduction in the size of lumps can be achieved.

(2) Undried. Shave or shred material at essentially

natural water content, immediately place in distilled water, and
soak for at least 48 hr. After removing excess water by
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*

SELECT REPRESENTATIVE SAMPLE AT ESSENTIALLY NATURAL WATER CONTENT

2/3 SAMPLE

1/3 SAMPLE

SHAVE OR SHRED USING A KNIFE OR SALAD GRATER

AIR-DRY TO A CONSTANT WEIGHT

IMMEDIATELY

SOAK IN DISTILLED WATER FOR 48 HR

r1/2 PART-1 f2PART -|

AIR-DRIED METHOD BLENDERIZED METHOD

UNDRIED METHOD

REMOVE EXCESS WATER BY DECANTING

GRIND, WHILE WET, IN A MORTAR WITH
A RUBBER-TIPPED PESTLE TO PASS A
NO. 40 SIEVE

BLENDERIZE FOR 10 MIN

WASH THROUGH A NO. 40 SIEVE

DRY TO WATER CONTENT WELL ABOVE LIQUID LIMIT USING PLASTER DISHES

WORK IN A THIN LAYER ON A GLASS PLATE WITH A STEEL SPATULA

UNDRIJED MATERIAL IBLENDEFNZED MATERIAL

AlIR-DRIED MATERIAL

Figure 9. Flow diagram showing the three standard
methods of preparing clay shale materials
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* decanting, grind the wet material in a mortar with a rubber-
tipped pestle and wash through the 425-ym (No. 40) sieve. Remove
excess water using a plaster-of-Paris dish lined with filter
paper. Work material at a water content above the liquid limit
in a thin layer on a glass plate with a steel spatula until no
further reduction in the size of lumps can be achieved.

(3) Air-dried. Shave or shred material at essentially
natural water content and dry to a constant weight in an atmo-
sphere with a temperature less than50°C (120°F) and a relative
humidity less than 30 percent. After a constant weight is
attained (and after a drying period at least 48 hr), soak the
material in distilled water for at least 48 hr. After removing
excess water by decanting, grind the wet material in a mortar
with a rubber-tipped pestle and wash through the 425-um (No. 40)
sieve. Remove excess water using a plaster-of-Paris dish lined
with filter paper. Work material at a water content above the
liquid limit in a thin layer on a glass plate with a steel
spatula until no further reduction in the size of lumps can be
achieved.

10. POSSIBLE ERRORS. Following are possible errors that would
cause inaccurate determinations of liquid and plastic limits:

a. General.

(1) Specimen not representative. As described in
paragraph 4a., the liquid and plastic limits must be determined
using the same mixture of soil as that used for determinations of
natural water content or for other tests. Care should be taken
when using the trimmings from preparation of other test specimens
that material is as close as possible.
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(2) Specimen improperly prepared. The specimens must
be thoroughly mixed and be permitted to cure for a sufficient
period before testing. Erroneous results may be caused by the
loss of colloidal material when removing particles coarser than
the No. 46 sieve or by testing air-dried or oven-dried soils.

(3) Inaccurate determination of water contents. The
possible errors described in paragraph 6 of Appendix I, WATER
CONTENT = GENERAL, would greatly affect the computed liquid and
plastic limits because of the small quantities of material
available for the water content determinations.

(4) Computational mistakes.

b. Liquid Limit Test

(1) Improperly constructed or adjusted liquid limit
device.

(2) Worn parts of liquid limit device, especially at
point of contact between the cup and the base or worn tip of
grooving tool.

(3) Soil at point of contact between the cup and the
base. Removal of the cup for shaping and grooving the soil pat
will also ensure that the bottom of the cup and the top of the
base are clean. Any soil that has dropped onto the base can be
removed with one stroke of the back of the hand just before
replacing the cup.

(4) Loss of moisture during test. Erratic and errone-

ous results may be causing by drying of some soil mixtures unless
the test is performed in a humid room. *

ITI-28




EM 1110-2-1906
Appendix III
Change 2

20 Aug 86

c. Plastic Limit Test

(1) Incorrect final thread diameter. A length of

1/8~in. -diameter metal rod close at hand will help in estimating
this diameter accurately.

(2) Stopping the rolling process too soon. If there
is any doubt as to whether the thread has crumbled sufficiently,

it is better to roll the thread oncemore than to stop the
process too soon.
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LIQUID AND PLASTIC LIMIT TESTS
For use of this form, see EM 11 10:21508.

PROJECT

DATE

BORING NO.

SAMPLE NO.

LIQUID LIMIT

1 2

TARE NO.

TARE PLUS WET SOIL

TARE PLUS DRY SOIL

WATER

TARE

L ECLI
IN GRAMS

DRY S01L

WATER CONTENT, %

NUMBER OF BLOWS

WATER CONTENT, w, %

10 20

NUMBER OF BLOWS

LL

PL

Pl

Symbol from
plasticity chart

PLASTIC LIMIT

1 2

NATURAL
WATER
CONTENT

TARE NO.

TARE PLUS WETSOIL

TARE PLUS DRY SOIL

WATER

WEIGHT
IN GRAMS

TARE

DRY SOIL

WATER CONTENT, %

PLASTIC LIMIT

TECHNICIAN

COMPUTED BY

[

CHECKED BY

FORM
ENG ,FORM 3838
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APPENDIX IIIA:

ONE-POINT LIQUID LIMIT TEST

* 1. INTRODUCTION: The one-point liquid limit test is based on
the experience that the slope of the liquid limit flow line for
soils within a given geologic environment is essentially a
constant on a logarithmic plot. Thus, the liquid limit can be
determined from one test point provided the constant defining the
slope has been established from correlations on the soil in
question. The one-point liquid limit test shall be used only in
those areas where the soils are geologically similar and adequate
correlations defining the slope of the liquid limit flow line

have been made.

This test is best performed by technicians who have
experience performing the four-point liquid limit described in
Appendix III and who can judge closely the consistency required
to cause closure at 20-30 blows. It is generally simpler and
faster for inexperienced technicians to perform the four-point

limit until experience has been gained.

2. APPARATUS AND PREPARATION OF SAMPLE. The apparatus required
is the same as that listed in paragraph 2 of Appendix III, LIQUID
AND PLASTIC LIMITS. The sample is prepared in the same manner as
that described in paragraph 4 for the standard liquid limit test
except that the soil to be tested is prepared initially to a con-
sistency that will require between 20 and 30 blows to cause

closure.

3. PROCEDURE

a. Proceed as described in Appendix III, LIQUID AND
PLASTIC LIMITS, paragraph 5a(l) through 5a(5) except that the
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number of blows required to close the groove shall be 20 to 30.
If less than 20 or more than 30 blows are required, adjust the
water content of the soil and repeat the procedure.*

b. Immediately after removing a water content specimen as
described in paragraph 5a(5) of Appendix III, reform the soil in
the cup adding a small amount of soil to make up for that lost in
the grooving and water content sampling operations. Repeat 5a(l)
through 5a(5) of the above appendix, and, if the secondclosing
of the groove requires the same number of drops or no more than
two drops difference, secure another water content specimen.
Otherwise, remix the entire specimen and repeat.

c. Determine water contents of specimens as described in
paragraph 5a(8) of the above appendix.

4, CALCULATIONS

a. (Determine the liquid limit for each water content
specimen using the following equation:

- _N)\ tan B8
LL = Wy (25)

where
WN = water content
N = the number of blows causing closure of the groove
at water content
tan B = slope of the flow line

* Excess drying or inadequate mixing will cause the number of
blows to vary.
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For those soils having an average slope of the liquid limit

flow line of tan 8 = 0.121,% the equation LL = K(WN) may be used
where K = a factor given in Table 1. The liquid limit is the

average of the two trial liquid limit values.

b. If the difference between the two trial liquid limit
values is greater than one percentage point, repeat the test.

5. POSSIBLE ERRORS. Since this test is identical to the liquid
limit test except for the method of calculating the liquid limit,
it would be subject to the same possible errors listed in
paragraph 10 of Appendix III, LIQUID AND PLASTIC LIMITS.

TABLE 1. Factors for Obtaining Liquid Limit
from Water Content and Number of Drops
Causing Closure of Groove

N K
Number of Drops Factor for Liquid Limit

20 0.974
21 0.979
22 0.985
23 0.990
24 0.995
25 1.000
26 1.005
27 1.009
28 1.014
29 1.018
30 1.022

¥ U.S. Army Engineer Waterways Experiment Station, CE,
Comparison of Results of Liquid Limit Tests by Standard and
One-Point Methods, Miscellaneous Paper No. 3-488 (Vicksburg,
Miss., April 1962).
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APPENDIX IIIB:

SHRINKAGE LIMIT TEST

1. DEFINITION. The shrinkage limit of a soil is the water content, ex-
pressed as a percentage of the weight of the oven-dried soil, at which
further loss in moisture will not cause a decrease in its volume. As part
of the shrinkage limit test, the shrinkage ratio, R, and linear shrinkage,
Lg, are also usually determined.. The shrinkage ratio is defined as the
ratio between a given volume change and the corresponding change in
water content above the shrinkage limit. The linear shrinkage is defined
as the decrease in one dimension of a soil mass, expressed as a percent-
age of the original dimension, when the water content is reduced from a
given value to the shrinkage limit.
2. APPARATUS. The apparatus should consist of the following:

a. Evaporating dish; a porcelain evaporating dish approximately
4-1/2 in. in diameter is recommended,

b. Shrinkage dish; a circular porcelain or monel metal dish
1-3/4 in. in diameter and 1/2 in. in height is recommended.

c. Glass cup, about 2 in. in diameter and about 4 in. in height
with the top rim ground smooth and flat.
d. Glass plate, 3 in. by 3 in. by ‘1/16 in. fitted with three metal
prongs for immersing the scil pat in mercury as shown in Figure 1.
Mercury, sufficient to fill the glass cup to overflowing.

Spatula, having a blade about 4 in. long and about 3/4 in. wide.

Steel straightedge.

= B2 Il

Balances, (1) sensitive to 0.04g, and (2) sensitive to 0.1 g.

i. Oven (see Appendix I, WATER CONTENT - GENERAL).
3. PREPARATXON OF MATERIAL. Approximately 30 g of soil shall be
obtained from the thoroughly mixed portion of the material passing the

No. 40 sieve. The material to be used in the test should be prepared in
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1/16"x3'x 3" GLASS

"5/16" 15/16"
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‘DRY SOIL PAT

Apparatus for determining the volume of dry soil pat

Figure 1,
of shrinkage limit test
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the same manner as that described for the liquid limit test.
4. PROCEDURE. The procedure shall consist of the following steps:

a. Record all identifying information for the specimen on a data
sheet; see Plate llIB-4 for suggested form.

b. Place the specimen in the evaporating dish and mix it thor-
oughly with distilled water. The amount of water added shall be sufficient
to make the soil wet enough to be readily worked into the shrinkage dish
without inclusion of air bubbles. The amount of water required to give
friable soils the desired consistency is equal to or slightly greater than
the liquid limit; the amount necessary to give plastic soils the desired
consistency may exceed the liquid limit as much as 410 percent.

c. Coat the inside surface of the shrinkage dish with a thin layer
of petroleum jelly or similar compound to prevent the soil from adhering
to the dish. Place an amount of the wetted soil equal to about one-third the
volume of the dish in the center of the dish and tap the dish on a firm sur-
face, causing the soil to flow to the outer edges, Continue tapping the dish
until all air bubbles are eliminated from the soil. Repeat this step for
two more layers. The final layer shall fill the dish completely, with some
excess soil allowed to stand above the rim of the dish. Strike off the ex-
cess soil with a straightedge and remove all soil adhering to the outside
of the dish.

d., Weigh the full dish of soil immediately and record the weight
on the data sheet as the weight of dish and wet soil. Allow the soil pat to
air-dry until a definite color change takes place and then oven-dry it to a
constant weight, Record the oven-dried weight as the weight of the dish
and dry soil. Determine and record the weight of the empty dish.

e. Determine the volume of the shrinkage dish by filling the dish

to overflowing with mercury,t removing the excess by pressing a glass

1t Caution should be exercised in handling mercury. Mercury may have
toxic effects, particularly if spilled on the floor in areas without good
ventilation. See paragraph 7, HANDLING OF MERCURY.
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plate firmly over the top of the dish, and weighing the amount of mercury
required to completely fill the dish. The weight of the mercury divided
by its density (13.53 g per cc) equals the volume of the inside of the
shrinkage dish. Record the volume of the shrinkage dish, which is equal
to the volume of the wet soil pat.

f. Place the glass cup in the evaporating dish and f{ill it with
mercury to overflowing. Remove the excess mercury by placing the glass
plate with the three metal prongs firmly over the cup; take care not to
trap air under the plate. Empty the excess mercury from the evaporating
dish and remove all mercury adhering to both the glass cup and the
evaporating dish with a brush.

g. Determine the volume of the soil pat by immersing the pat in
the mercury contained in the cup, using the glass plate with the three
metal prongs as shown in Figure 4., Take care not to trap air under the
soil pat or glass plate. Determine the weight of the displaced mercury
and compute its volume, as indicated in step e above, and record it as the
volume of the dry soil pat.

h. Record all information pertaining to the soil specimen such as
weights, volumes, etc., on the data sheet, Plate 1IIB-1.

5. COMPUTATIONS. a. Water Content. The water content, w, of

the soil at the time it was placed in the shrinkage dish is determined as

follows:
Ww
w = _ﬁf_— x 100
S
where WS weight of water in g, obtained by subtracting the weight
of the shrinkage dish plus dry soil from the weight of the
dish plus wet soil
WS = weight of oven-dried soil in g, obtained by subtracting

the weight of the shrinkage dish from the weight of the
dish plus dry soil
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b. Shrinkage Limit. The shrinkage limit, SL, is calculated as

V-Vs
— X 100

w

SL:W-(
s

SL

w = water content of wet soil pat when placed in shrinkage
dish, expressed as a percentage of the weight of oven-
dried soil (see paragraph a)

shrinkage limit

V = volume of wet soil pat, cc
weight of displaced mer-
cury in evaporating dish
8 specific gravity of mer-
cury (13.53 g per cc)
weight of oven-dried soil pat, g

= volume of oven-dried soil pat, cc

<
]

w

c. Shrinkage Ratio, The shrinkage ratio, R, shall be determined

following formula:

o]
1
<2

Ws and Vs are the same as given in paragraph b,

d. Linear Shrinkage. The linear shrinkage, Ls’ shall be deter-

mined by the following formula:

where

3
100
Lg: 100 (‘ - ‘C‘TTEO‘)

volumetric change from a given water content, w (usually
the liquid limit)

(w = SL) R

e}
[l

O
1
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6. POSSIBLE ERRORS. Besides errors in the preparation of soil mix-
tures given in paragraph 4a of Appendix III, LIQUID AND PLASTIC
LIMITS, following are possible errors that would cause inaccurate deter-
minations of shrinkage limit:

a. Inside of shrinkage dish not lubricated. If the soil adheres
to the shrinkage dish, the soil pat may crack during drying.

b. Air bubbles included in soil pat.

c. Soil pat dried too rapidly. To prevent the soil pat from
cracking, it should be dried slowly, first in the humid room and then in
the air of the laboratory, until a definite change in color is noted. Only
then should it be placed in the oven.

d. Air bubbles trapped beneath soil pat or glass plate when

immersing pat in mercury.
7. HANDLING OF MERCURY.* a. Properties. Mercury is an odor-

less silver-white liquid at normal temperature and pressure. Mercury
has the property of forming amalgams with most metals, with the excep-
tion of platinum and iron. It is highly volatile, vaporizing at room tem-
perature to form vapors that are highly toxic. Mercury has a specific
gravity of i8.6, a boiling point of 356.9 C, and a freezing point of -38.9 C.

b. Health Hazards. The air concentration of mercury vapor

corresponding to the equilibrium vapor pressure at room temperature

(20 C) is approximately 20 mg per cu m, or 200 times the safe concentra-
tion of 0.1 mg per cu m for continuous exposure (8 hr per day,5 days per
week); safe concentrations for shorter periods have not been proposed.
Inhalation of mercury vapor of concentrations greater than 0.4 mg per

cu m over a long period of time can cause chronic poisoning. The initial
symptoms of poisoning may include gingivitis, digestive disturbance, fine

tremor of the extremities, irritability, excessive emotional response, and

* “Mercury” Data Sheet 203, National Safety Council, 425 N. Michigan
Ave., Chicago? Ill. 606]1.
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exaggerated salivation. These symptoms may increase in severity and
may result in permanent disability. Exposure to concentrations far
greater than the maximum allowable concentration for short periods of
time can cause acute illness. The exact nature, concentration, and dura-
tion of exposure determine the type and severity of symptoms, Although
inhalation of mercury vapor is by far the greatest avenue of entry to the
body, ingestion and absorption through the skin are also possible

c. Use. Whenever possible, use of mercury for teat purposes
should be avoided. Personnel working in a n area where mercury is used
should be made aware of its hazards.

d. Detection. Direct reading units for determining the concen-
tration of mercury vapor are available from the following sources:

Mine Safety Appliances Company

211 N. Braddock Ave.
Pittsburgh, Pennsylvania 15208

Union Industrial Equipment Corporation (UNICO)
150 Cove St.
Fall River, Massachusetts 02720

Acton Associates
1180 Raymond Bilvd.
Newark, New Jersey 07102

Beckman Instruments, Inc.
2500 Harbor Blvd.
Fullerton, California 92634

e. Handling. The precautions listed below should be observed

when handling mercury.

(1) Mercury shouldnot be heated without elaborate control be-
cause of the rapid increase of vapor pressure with increase in temperature.

(2) Eating and smoking should not be permitted in areas
where mercury is handled. Hands should be thoroughly washed after
handling mercury.

(3) If clothing becomes contaminated, a change of clothes

should be available.
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(4) Respiratory protection should be available where there is
a possibility of contamination.

(5) All laboratories handling mercury should have a precise
plan to be followed in decontamination after a mercury spill. Some
general proposals are:

(@) Maximum general exhaust ventilation and local ex-
haust should be effected. Windows should be opened.

(b)) A vacuum flask or a vacuum cleaner designed for
removal of mercury should be put into service immediately to recover
the mercury.

(¢) The area should be decontaminated by treating with
flowers of sulfur or other decontaminant.

(d) Effectiveness of decontamination should be verified
with a mercury vapor detector.

f. Facilities. In facilities where mercury is handled the meas-
ures listed below should be taken.

(1) Floors of areas should be free of cracks and the inter -
section of the wall and floor should be fitted with a cove,

(2) Recirculation of air in room should be discouraged be-
cause of the possibility of buildup of mercury vapor.

(3) Mercurymanometers should be provided with traps to en-
sure that there will be no spillage of mercury into a process line or into room.

(4) Precision equipment should be removed from areas
where contamination with mercury is possible.

g- Transportation and Storage. Whentransporting and storing

mercury the following precautions should be taken.

(1) Mercury containers should be placed in a tray when
transported within the laboratory; metal or continuous type (nonwelded)
plastic containers are preferable to glass ones.

(2) Mercury containers should be stored in pans that will

contain any spillage.
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SHRINKAGE LIMIT TEST
Date
Project
Boring No.
Sample or Specimen No.
Shrinkage Dish No.
Dish plus wet soil
Dish plus dry soil
g Water Yy
<) -
5 |_Shrinkage dish
b4 w
5 Dry soil - 5
i -
* | Displaced mercury + evaporating dish
Evapomtiggr dish
Displaced mercury
Shrinkage dish (wet soil pat) v
(4]
: Volume of dry soil Ve
NEE
g s
E, v- vs
W x 100
s
Ww . -
Water content = == X 100 v | ¢ % ’ % %
s .
Shrinkage limit ' SL
Shrinkage ratio R : .
vV = weight of displaced mercury
s ~ Specific gravity of mercury (13.53 a/cc)
SL = Water content of wet s0il pat
_ [volume of wet soil pat - volume of oven-dry soil pat)
v wt of oven-dry soil pat
VvV - Vs
=W —( W X 100)
. ]
R = ¥t of oven-dry soil pat - '_'_'_g
volume of oven-dry soiE pat Vs
Classification:
Remarks
| Technician Computed by Checked by —— e e
ENG FORM ' ' PLATE IIIB-1
1Jun 83 3839
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APPENDIX 1IV:

SPECIFIC GRAVITY

1. TYPES OF SPECIFIC GRAVITY. The specific gravity of a soil mass
for use in soils engineering calculations is usually expressed in three dif-
ferent forms: (a) the specific gravity of solids, C's’ applied to soils
finer than the No. 4 sieve; (b) the apparent specific gravity, Ga; and (c
the bulk specific gravity, Gm’ both (b) and (c) being applied to soils
coarser than the No. 4 sieve. The specific gravity of solids is not applied
to coarse particles because they normally contain voids from which air
cannot be displaced unless the particles are ground into finer particles to
eliminate the voids. Thus, when dealing with coarser particles it is more
convenient to work with the apparent specific gravity of the particle mass.
The value Gs or Ga is used in all calculations involving fundamental
properties of a soil mass. The bulk specific gravity is used in special
calculations, such as corrections of density and water content for soils
containing gravel sizes. Definitions and detailed procedures for deter-
mining the values of specific gravity of solids, apparent specific gravity,
and bulk specific gravity are given below.
2. SPECIFIC GRAVITY OF SOLIDS, a. Definition. The specific
gravity of solids, Ge’ of a soil is the ratio of the weight in air of a given
volume of soil particles at a stated temperature to the weight in air of an
equal volume of distilled water at a stated temperature.
b. Apparatus. The apparatus should consist of the following:

(1) Volumetric flask, 500-cc capacity

(2) Vacuum pump, with piping and tubing for connections to
each flask (as shown in Figure 2, page 4). The connection to each flask
should be provided with a trap to catch any water drawn from the flask.

(3) Oven (see Appendix I, WATER CONTENT - GENERAL)

(4) Balance, sensitive to 0.01 g
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(5) Thermometer, range 0 to 50 C, graduated in 0.1 degree

(6) Evaporating dish

(7) Water bath

(8) Sieve, U. S. Standard No. 4 conforming to ASTM Designa-
tion: E14, Standard Specifications for Sieves for Testing Purposes

c. Calibration of Volumetric Flask. The volumetric flask shall

be calibrated for the weight of the flask and water at various temperatures.
The flask and water are calibrated by direct weighing at the range of
temperatures likely to be encountered in the laboratory. The calibration
procedure is as follows:

(1) Fill the flask with deaired-distilled (or deaired-
demineralized) water to slightly below the calibration mark and place
in a water bath which is at a temperature between 30 and 35 C. Allow
the flask to remain in the bath until the water in the flask reaches the
temperature of the water bath. This may take several hours. Remove
the flask from the water bath, and adjust the water level in the flask so
that the bottom of the meniscus is even with the calibration mark on
the neck of the flask. Thoroughly dry the outside of the f!ask and re-
move any water adhering to the inside of the neck above the graduation;
then weigh the flask and water to the nearest 0.01 g. Immediately after
weighing, shake the flask gently and determine the temperature of the
water to the nearest 0.4 C by immersing a thermometer to the middepth
of the flask.

(2) Repeat the procedure outlined in step (1) at approxi-
mately the same temperature. Then make two more determinations, one
at room temperature and the other at approximately 5 degrees less than
room temperature.

(3) Draw a calibration curve showing the relation between
temperature and corresponding weights of the flask plus water. Prepare
a calibration curve for each flask used for specific gravity determinations

and maintain the curves as a permanent record. A typical calibration
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g R CALIBRATION CURVE OF
~J VOLUMETRIC FLASK NO. 8
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Figure 1. Typical calibration curve of volumetric flask

curve (omitting the fine grid necessary for accurate determinations) is

shown in Figure 1.
d. Preparation of Sample. Particular care should be taken to

obtain representative samples for determination of specific gravity of
solids. The sample of soil may be at its natural water content or oven-
dried; however, some soils, particularly those with a high organic content,
are sometimes difficult to rewet after having been oven-dried. These
soils may be tested without first being oven-dried, in which case the
oven-dry weight of sample is determined at the end of the test. When

the sample contains particles both larger and smaller than the No. 4
sieve, the sample shall be separated on the No. 4 sieve and a determi-
nation made of the specific gravity of the fine fraction and the apparent
specific gravity of the coarse fraction. The specific gravity value for the
sample shall be the composite specific gravity relation on the basis of
the solid volume of the components. When the specific gravity value is
to be used in calculations in connection with the hydrometer analysis

(see Appendix V, GRAIN-SIZE ANALYSIS), the specific gravity shall be
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determined on that portion of the soil used for the hydrometer analysis
(usually that which passes the No. 200 sieve). It may be necessary to
use other liquids such as kerosene) in lieu of distilled water for testing
soils containing soluble salts. |

e. Procedure, {1} Soils at natural water content. The proce-
dure for determining the specific gravity of soils at natural water content
shall consist of the following steps:

(a) Record all identifying
information for the sample
such as project, boring num-
ber, sample number, and other
pertinent data, on a data sheet
(see Plate IV-1 for suggested
form).

(b) Place a representative
sample of soil equivalent to
approximately 50 to B0 g oven-
dry weight in & dish and, by
means of a spatula, mix with
sufficient distilled or deininer-
alized water to form a slarey.
Place the slurry in a volumet-
ric flask and fill the flask ap-
proximately half full with dis-
tilled water.

{c} Connect the flask to the

vacuum line as shown in

Figure 2. Evacuating air from samples
in determination of specific gravity. A,
flask; B, splash trap; C, vacuum line Figure 2 and apply a vacuum

of approximately 29.0 in.
mercury. Agitate the flask gently at intervals during the evacuation proc-

ess; commercially available mechanical agitators have used for
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this purpose. The length of time that vacuum should be applied will de-
pend on the type of soil being tested. Soils of high plasticity and organic f
soils usually require 6 to 8 hr; some soils may require less time for re-
moval of air but this should be verified by experimentation. To ensure
continuous boiling, the temperature of the flask and contents may be ele-
vated somewhat above room temperature by immersing in a water bath at
approximately 35 C. Alternatively, entrapped air may be removed by
boiling} the suspension gently for at least 10 min while occasionally roll-
ing the flask to assist in the removal of air. The boiling process should
be observed closely as loss of material may occur. Allow flask and con-
tents to cool, preferably overnight, before filling and checking.

(d) Fill the flask with deaired distilled water to about
3/4 in. below the 500-~cc graduation and apply a vacuum slightly less than
that which will cause vigorous boiling (as vigorous boiling may result in
a loss of solids). To determine if the suspension is deaired, slowly re-
lease the vacuum and observe the lowering of the water surface in the
neck of the flask. If the water surface is lowered less than 1/8 in., the
suspension can be considered sufficiently deaired.

(e) Fill the flask until the bottom of the meniscus is
coincident with the calibration line on the neck of the flask. Thoroughly
dry the outside of the flask and remove the moisture on the inside of the
neck by wiping with a paper towel. Weigh the flask and contents to the
nearest 0.01 g. Immediately after weighing, stir the suspension to assure
uniform temperature, and determine the temperature of the suspension

to the nearest 0,4 C by immersing a thermometer to the middepth of the
flask.

t Air removal from organic soils usually cannot be accomplished by the
application of vacuum. In this case it will be necessary to boil the sus-
pension contained in the flask for about 30 min, adding distilled or de-
mineralized water carefully from time to time to prevent boiling the
sample dry. The flask should at all times be approximately half full.

I Use of indirect heat such as a sand bath is recommended.
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(f) Carefully transfer the contents of the flask to an
evaporating dish. Rinse the flask with distilled water to ensure removal
of all of the sample from the flask. Oven-dry the sample to a constant
weight at a temperature of. 140+ 5 C. Allow the soil to cool to room tempera-
ture in a desiccator and determine the weight of the soil to the nearest 0.01 g.

(g) Record all weights on the data sheet.

(2) Oven-dried soils. The procedure for determining the spe-
cific gravity of solids for oven-dried soils shall consist of the following steps:

(@) Record information identifying the sample on the
data sheet (see Plate IV- 1),

(b) Oven-dry the soil toa constant weight at 410 5 C and
cool it to room temperature in a desiccator. Select a representative sample
of between 50 g (for cohesive soils) and 150 g (for cohesionless soils) and
weigh the sample to the nearest 0.01 g. After weighing, transfer the soil to a
volumetric flask, taking care not to lose any material during this operation.
To avoid possible loss of preweighed soil, the sample may be weighed
after transfer to the flask. Fill the flask approximately half full with de-
aired distilled water and allow the suspension to stand overnight.

{c) Connect the flask to the vacuum line and apply a
vacuum of approximately 29.0 in. mercury for approximately 2 to 4 hr.
Entrapped air may also be removed by boiling as previously discussed;
however, the process should be observed closely to avoid loss of material
during boiling. Allow flask and contents to cool, preferably overnight,
before filling and checking.

(d) Perform the remainder of the test as outlined in
paragraph 2e(41)(d) and 2e(4)(e).

() Record all weights on the data sheet.

. Computations. The following quantities are obtained by direct

weighing
(1) Weight of flask plus water plus solids at test temperature

=W in grams.

bws
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(2) Weight of tare plus dry soil in grams. The tare weight
ig subtracted from this value to obtain the weight of dry soil, Ws. The
specific gravity of solids is computed to two decimal places by the

formula:
W _ K
G_= 2
8 Ws +wbw B was
where
K = correction factor based on the density of water at 20 C (see

Table IV-1). Unless otherwise required, specific gravity
values reported shall be based on water at 20 C.

wa = weight of flask plus water at test temperature ‘in grams (ob-
tained from calibration curve as shown in Figure 1).

3. APPARENT AND BULK SPECIFIC GRAVITY. a. Definitions. The

apparent specific gravity, Ga’ of a soil is the ratio of the weight in air of

a given volume of the impermeable portion of a permeable material (that
is, the solid matter including its impermeable pores or voids) at a stated
temperature to the weight in air of an equal volume of distilled water at a
stated temperature.

The bulk specific gravity of a soil. IGI"A . is the ratio of the
weight in air of a given volume of a permeable material (including both
permeable and impermeable voids normal to the material) at a stated
temperature to the weight in air of an equal volume of distilled water at a
stated temperature.

b. Apparatus. The apparatus should consist of the following:

(1) Balance, having capacity of 5 kg or more and sensitive to
1.0g

(2) Wire basket of No. 6 mesh, approximately 8 in. in diam-
eter and 8 in. high

(3) Suitable container for immersing the wire basket in

water, and suitable apparatus for suspending the wire basket from
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Relative Dengity of Water and Correction

Factor (K) for Various Temperatures

Temp Relative Correction Temp Relative Correction Temp Relative Correction
°C  Density Factor, K OC  Density Factor, K OC  Density Factor, K
18.0 0.99862  1.000% 23.0 0,99756 0.9993 28.0 0.99626 0.998
1 60 ' .1 54 3 .1 23 0
.2 58 & .2 51 3 o2 20 0
.3 56 3 .3 49 3 .3 17 0
. sh 3 b b6 2 b 1h 79
.5 52 3 5 by 2 5 11 9
.6 50 3 .6 k2 2 .6 08 9
.7 4o 3 o7 39 2 T 06 8
.8 k7 2 .8 37 1 .8 03 8
19.0 0.99843 1.0002 24.0 0.99732 0.9991 29.0 0.99597 0.9977
.1 41 2 .1 29 1 .1 9k 7
.2 39 2 .2 27 0 .2 91 7
3 37 1 .3 2k o} .3 88 6
o 35 1 b 22 0 b 85 6
5 33 1 .5 20 0 5 82 6
.6 31 1 .6 17 89 .6 19 6
-7 29 1 7 b1 9 N ¢ 76 5
.8 27 o} .8 12 9 .8 73 5
9 a5 o -9 09 9 <9 10 5
20.0 0.93823 1.0000 1 25.0 0.99707 0.9988 30.0 0.99567 0.997%
.l 21 ) S § ol 8 .1 64 L
.2 19 0 .2 02 8 .2 61 .
3 17 '0.9999 -3 699 8 -3 ‘58 3
4 15 9 o 97 7 b 55 3
5 13 9 ] 9% T 5 52 3
.6 10 9 .6 91 7 .6 49 3
.8 06 8 .8 87 6 .8 43 2
.9 oh 8 .9 8L 6 .9 ] 2
21.0 0.99802 0.9998 26.0 0.99681 0.9986 31.0 0.99537 0.9971
1 00 8 .1 78 6 .1 33 1
.2 798 8 .2 76 5 .2 30 1
3 96 7 .3 73 5 3 27 o
A 93 7 b 70 5 . R 2h 0
5 91 7 .5 68 L .5 21 Q
.6 89 7 .6 65 N 6 18 69
-7 87 6 o7 63 i o7 15 9
.8 85 6 .8 60 1 .8 12 9
-9 83 6 .9 57 3 .9 09 9
22.0 0,99780 0.9996 2/.0 0.99654 0.9983 32.0 0.99505 0.9968
.1 78 6 .l 51 3 .1 02 8
.2 75 5 .2 18 2 .2 499 ]
3 - 713 5 .3 L6 2 -3 96 7
.4 10 5 .4 43 2 4 93 7
.5 68 5 5 - 'bo 2 .5 90 7
.6 65 L 6 37 1 .6 86
.7 63 i .7 3 1 T 83
N 61 b .8 32 1 .8 8o 5.
NE S8 L .9 29 1 .9 77 5

® Note: Relative density of waier hased on density of water-at 4 C equal to unity, The values given are numerically
rquet 1o the absolutn density in grame,/millllitar (for soll testing purposes, g/ml = g/cc). Deta obtiined

- from Smithsonian Tables, compiled by various authors.

Correction factor, K, is found by dividing the relative density of woter at the test temperature by the rela-

tive density of water at 20 C.
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the center of the balance scale pan

(4) Thermometer, range 0 to 50 C, graduated in 0,1 degree

c. Sample. The material to be tested shall be separated on the
No. 4 sieve and the material retained on the sieve used for the test. A
representative sample of approximately 2 kg is required. Samples may
be air -dried; however, oven-drying the sample before the ' test may affect
the results and should be avoided when possible.

d. Procedure. The procedure for determining the apparent and
bulk specific gravity of soils retained on the No. 4 sieve shall consist of
the following steps:

(1) Record information identifying the specimen on the data
sheet (see Plate IV-1).

(2) Wash the specimen thoroughly to remove dust or other
coatings from the surfaces of the particles.

(8) Immerse the specimen in water at 15 to 25 C for a period
of 24 hr.

(4) Remove the specimen from the water and roll it in a
large absorbent cloth until all visible films of water are removed, although
the surfaces of the par'ticles may still appear to be damp. Wipe large
particles individually. Take care to avoid excess evaporation during the
operation of surface drying.

(5) Obtain the weight in grams of the saturated surface-dry
specimen. The specimen in this and subsequent weighings should be
weighed to the nearest 1.0 g.

(6) Immediately after weighing, place the specimen in the
wire basket and determine the weight of the specimen in water. Deter -
mine and record the temperature of the water in which the specimen is
immersed.

{7) Oven-dry the specimen to a constant weight at 440%5 C.
After cooling to room temperature, weigh the specimen.

(8) Record all weights on the data sheet.
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e. Computations. The following quantities are obtained by

direct weighing:

(1) Weight of tare plus oven-dried soil in grams. The tare
weight is subtracted from this value to obtain the weight of dry soil, A,
on the data sheet.

(2) Weight of tare plus saturated surface-dry soil in grams.
The tare weight is subtracted from this value to obtain the weight of satu-
rated surface-dry soil, B.

(3) Weight of wire basket plus saturated soil in water in
grams. The weight of wire basket in water is subtracted from this value
to obtain the weight of saturated soil in water, C.

The apparent specific gravity is computed to two decimal

places by the formula:
_ AK
a A-C

where

K = correction factor based on the density of water at 20 C (see
Table IV-i).

The bulk specific gravity is computed to two decimal places

by the formula:

When a soil is composed of particles both larger and smaller
than the No. 4 sieve, the specific gravity of the soil for use in engineering

calculations shall be computed as follows:

100
" % passing No. 4 sieve +% retained on No. 4 sieve

GS Ga

4. POSSIBLE ERRORS. Following are possible errors that would cause
inaccurate determinations of specific gravity:

a. Specific Gravity of Solids. (4) Imprecise weighing of
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flask and contents. Since the computation of the specific gravity of solids
is based on a difference in weights which is small in comparison with the
weights themselves, the same balance should be used for calibrating the
volumetric flask and for determining the specific gravity whenever the
calibration curve is used.

(2) Temperature of flask and contents not uniform. Both in
calibrating the flask and determining the specific gravity, utmost care
should be taken to insure that measured temperatures are representative
of the flask and contents during the times when the weighings are made.

(8) Flask not clean. The calibration curve will not remain
valid if dirt accumulation changes the weight of the flask. Also, if the in-
side of the neck is not clean, an irregular meniscus may form,

(4) Moisture on outside of flask or inside of neck. When
calibrating the flask for a temperature lower than room temperature,
there is a tendency for condensation to form on the flask despite careful
drying and rapid weighing. Whenever possible, weighing should be done at
approximately the same temperature as that of the flask.

(5) Meniscus not coincident with mark on neck of flask. One
drop of water too much makes an error of approximately 0.05 g. This
error can be minimized by taking the average of several readings at the
same temperature. When the suspension is opaque, a strong light behind
the neck is helpful in seeing the bottom of the meniscus.

(6) Use of water containing dissolved solids. It is essential
that distilled or demineralized water be used exclusively to insure the
continued validity of the flask calibration curve.

(7) Incomplete removal of entrapped air from soil suspension.
This is the most serious source of error in the specific gravity deter-
mination and will tend to lower the computed specific gravity. The sus-
pension must be thoroughly evacuated or boiled and the absence of
entrapped air verified as described in paragraph 2e(1)(d). (It should be

noted that air dissolved in the water will not affect the results, so it is not
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necessary to apply vacuum to the flask when calib:fating or after filling the
flask to the calibration mark.)

(8) Gain in moisture of oven-dried s ecimen before weighing.
If the specimen is oven-dried before the specific ravity determination, it
must be protected against a gain in moisture until it can be weighed and
placed in the flask.

(9) Loss of material from oven-drie{d specimen. If the
specimen is oven-dried and weighed before being placed in the flask, any
loss of material will lower the computed specific gravity.

b. Apparent and Bulk Specific Gravity. (1) Loss of moisture

from saturated surface-dry particles before weighing. Unless the satu-
rated surface-dry material is weighed promptly, evaporation may cause
an increase in the computed bulk specific gravity,

(2) Failure to correct for the change in density of water with
temperature. This correction is often overlooked when computing either

the apparent or bulk specific gravity.
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SEECIFIC GRAVITY TESTS
Date

‘roject___ = _
oring N , _
. SPECIFIC GRAVITY OF SOLIDS (Gs)
Sample or Specimen No. ‘
“lask No.
Pemperature of water and soil, T, °c
Msh No.

Dish + dry soil "
o {Dish
g Dry soil wa
% |Flask + water at T, ° Wow
:‘fw ws * wbw
* W

Flask + water + immersed soil| bws

Displaced water, Ws + “bw - wbws
lorrection factor K
:wsK) * (ws * Wow ” wbws) Gg

APPARENT (Ga) AND BULK (Gm) SPECIFIC GRAVITY

Sa.mple' or Specimen No.
lfemperature of water and soil, T, °c

Tare + saturated surface-dry soil

Tare
u |[Saturated surface-dry soil B
g {Wire basket + soil) in water
f Wirs basket in water
-.i‘;) P{i{xtgfﬁt‘ed soil in water ¢
* Tare + 4dry soil

Tare

Dry soil A
Jorrection factor K
AK) = (A - C) (Apparent) | Ca
‘AK) + (B - €) (Bulk) On
lemarks
Tecrnician Computed by Checked by

PLATE IV-i

Tion ot 3840
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APPENDIX V:

GRAIN-SIZE ANALYSIS

i. DEFINITION. Grain-size analysis is a process in which the propor-
tion of material of each grain size present in a given soil (grain-size
distribution) is determined. The grain- size distribution of coarse -grained
soils is determined directly by sieve analysis, while that of fine-grained
soils is determined indirectly by hydrometer analysis. The grain-size
distribution of mixed soils is determined by combined sieve and hydrometer
analyses, Detailed procedures for determining the grain-size distribution
of soils by sieve, hydrometer, and combined analyses are given below.

2. SIEVE ANALYSIS. a. Description. A sieve analysis consists of

passing a sample through a set of sieves and weighing the amount of mate-

rial retained on each sieve, Sieves are constructed of wire screens with
square openings of standard sizes. The sieve analysis is performed on
material retained on a U. S. Standard No. 200 sieve. The sieve analysis,
in itself, is applicable to soils containing smali amounts of material
passing the No. 200 sieve provided the grain-size distribution of that por-
tion of the sample passing the No. 200 sieve is not of interest.
b. Apparatus. The apparatus should consist of the following:

(1) A series of U. S. standard sieves with openings ranging
from 3 in. to 0.074 mm (No. 200), including a cover plate and bottom pan,
conforming to ASTM Designation: E ii, Standard Specifications for Sieves
for Testing Purposes.* The number and sizes of sieves used for testing a
given soil will depend on the range of soil sizes in the material, and the
intended use of the gradation curve.

(2) Sieve shaker, a mechanical unit which can produce on
duplicate samples the same consistent results as those obtained by the
circular and tapping motion used in hand sieving. Typical commercially

available mechanical shakers are the Tvler **Ro-Tap'’ and the Combs and

* See page V-26 for U. S. Standard Sieve Sizes or numbers and sieve
openings in inches and millimeters.
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Syntron machines; there appears to be no significant differences in the
resultsobtained among these machines.t

(3) Balances, sensitive to 0.1 g for samples weighing less
than 500 g, and to 1.0 g for samples weighing over 500 g.

(4) Paintbrush, 1 in., or soft wire brush, for cleaning sieves.

(5) Sample splitter or riffle for dividing samples.

(6) Mortar and rubber-covered pestle, for breaking up
aggregations of soil particles.

(7) Oven, similar to that described in Appendix I, WATER

CONTENT - GENERAL.
c. Preparation of Sample.l The material to be treated is first air-

dried, after which the aggregations present in the sample are thoroughly
broken up with the fingers or with the mortar and pestle. A representative
sample is then obtained by dividing, using the sample splitter or riffle.
The size of the sample to be used will depend on the maximum particle
size in the sample and the requirement that the sample be representative
of the material to be tested. The sample should be limited .in weight so
that no sieve in the series will be overloaded. Overloading of a sieve will
result in incomplete separation with errors in the test. The following

tabulation will be used as a guide in obtaining a minimum-weight sample:

Maximum Particle Size Minimum Weight of Sample, g

3 in. 64,000 g

2 in. 19,000 g

1-1/2 in. 8,000 g

1 in. 2,400 g

3/4 in. 1,000 g

1/2 in. 300 g

3/8 in. 150 g

o. 4 50 g

T U.S. Army Engineer Waterways Experiment Station, CE, Sieve Analy-
ses of Granular Soils by Division Laboratories, Engineering Study 516
(Vicksburg, Miss., October 1963).

T Clay shale materials require special preparation. See paragraph 5.

v-2
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If the sample contains more than about 10% of sizes larger
than the No, 4 sieve, it is generally advisable to separate the material on
the No. 4 sieve, retaining both fractions for independent sieve analysis as
subsequently described. If the sample contains plastic fines which tend to
form hard lumps or to coat the coarser particles during air-drying, the
entire sample should be placed in a pan filled with water and allowed to
soak until all the soil lumps or the coatings have disintegrated, before it
is separated on the No. 4 sieve. The coarser fraction and the fraction
passing the No. 4 sieve including the fines and water should be retained
for independent sieve analysis as subsequently described.

d. Procedure. (1) Material predominantly finer than the No. 4

sieve. The procedure for samples predominantly finer than the No. 4
sieve consists of the following steps:

(a) Record all identifying information for the sample,
such as project, boring number, or other pertinent data, ‘on a data sheet
(see Plate V-1 for suggested form).

(b) Oven-dry the sample at 1410% 5 C, allow to cool, and
weigh. If the sample weighs less than 500 g, weigh it to the nearest 0.1 g;
if the sample weighs over 500 g, weigh to the nearest 1 g. Record the dry
weight of the sample on the data sheet.

(c) 1If the sample consists of clean sands or gravels,
proceed with step (f).t If the sample contains plastic fines which tend to
form hard lumps or to coat the coarser particles during oven-drying,
place the oven-dry sample in a pan filled with enough water to cover all
the material and allow it to soak until all the soil lumps or coatings have
disintegrated. The length of time required for soaking will vary from
about 2 to 24 hr, depending in general on the amount and plasticity of the
fines.

(d) Transfer the sample and water from the pan to a
No. 200 sieve, or if the sample contains an appreciable amount of coarse

t If there is any doubt concerning the cleanness of a sand or gravel, i.e.
whether or not the particles may be coated with fines, or if the test is
performed to determine whether or not a material complies .with speci-
fications, then the sample should be treated as subsequently described
in steps (¢) through (e).
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particles, to a combined set of No. 4 and No. 200 sieves. Care should be
taken not to overload the No. 200 sieve; if necessary, transfer the sample
in increments. Wash the sample thoroughly through the sieves, discarding
the material passing the No. 200 sieve. Larger particles in the sample
may be individually washed and removed from the sieves.

(e) Oven-dry the combined material retained on the No. 4
and the No. 200 sieves and, after the sample has cooled, weigh. Record on
the data sheet in the “Weight Retained in grams” column the difference
between the original oven-dry weight and the oven-dry weight after wash-
ing. Use the washed sample for the remainder of the analysis.

(i) Select a nest of sieves suitable to the soil being
tested. The choice of sieves usually depends on experience and judgment,
and the use for which the grain-size curve is intended. Select as the top
sieve. one with openings
slightly larger than the
diameter of the largest
particle in the sample.
Arrange the nest of

sieves according to size

as shown in Figure 1,

with decreasing open-

Figure 1. Arrangement of sieves for grain-size
analysis ings from top to bottom.
Attach the bottom pan

to the bottom of the smallest sieve used. Place the sample on the top
sieve of the nest as shown in Figure 2 and put the cover plate over the top

sieve.
(g) Place the nest of sieves in the shaking machine as

shown in Figure 3 and shake them for 10 min, more or less, or until addi-
tional shaking does not produce appreciable changes in the amounts of
material on each sieve. If a shaking machine is not available, the nest of

sieves may be shaken by hand. In the hand operation, shake the nest of
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sieves with a lateral and
vertical motion, accome
panied by jarring, to
keep the material mowv-
ing continuously over the
surfaces of the sieves.
Jarring is accomplished
by occasionally dropping
the nest lightly on sev-
eral thicknesses of

magazines. The nest

should not be broken to

rearrange particles or to Figure 2. Placing soil on sieves
manipulate them through a sieve by hand. Hand-shaking should be con-
tinued for at least 15 min.

(h) Remove the nest of sieves from the mechanical shak-
er, if used. Beginning
with the top sieve, trans-
fer the contents of the
sieve to a piece of heavy
paper approximately 1 ft
square. Carefully invert
the sieve on the paper
and gently brush the bot-
tom of the sieve, as
shown in Figure 4, to re=
maove all the sample.
Transfer the sample

from the paper to the bal-

ance and weigh in accord-

Figure 3. Nest of sieves placed in typical
miackiae for shaking ance with requirements in

V=5
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step (b). Care should be
exercised that no loss of
material occurs during
the transfer. Coarser
fractions may be trans-
ferred more readily from
the sieves directly onto

the balance pan. Record

the weight of material re-

‘Figure 4. Removing soil from sieves

tained on each sieve on
the data sheet.

(i) Repeat step (h) for each sieve. The sum of the
weights retained on each sieve and pan should equal the initial total weight
of the sample within 1 percent. If the difference is greater than 1 percent,
the sieving should be repeated.

(2) Material split on No. 4 sieve. The procedure for samples
which have been split on the No. 4 sieve consists of the following steps:

(a) Record pertinent information for the sample on a
data sheet (see Plate V-i for suggested form).

{b} Oven-dry the sample, allow it to cool, and weigh the
fraction retained,on the No. 4 sieve. Record the oven-dry weight on the
data sheet. Alternatively, the air-dry weights of the total sample and the
fraction retained on the No. 4 sieve may be utilized and the air-dry mate-
rial retained on the No. 4 sieve used in the sieve analysis as in step {c)
below. In the latter procedure, the relative percentages of materials
greater than the No. 4 sieve are determined on an air-dry basis. This
method is satisfactory provided the air-dry water contents of the plus and
minus No. 4 portions of the sample are approximately equal.

{c} Proceed as in paragraphs 2d{i}{f} through 2d{1){i}.
In general, it is advisable to use large sieves and a Ty-Lab or Gilson

shaker for the coarse fraction.
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(d) If the sample has not been washed during the pre-
liminary treatment, process the material passing the No. 4 sieve accord-
ing to paragraphs 2d(1)(b) through 2d(4){ i). If the material has been
washed as part of the preliminary treatment, proceed with paragraphs
2d(1)(d) through 2d(1)(i), except that the material passing the No. 200
sieve in paragraph 2d{1)(d) should be oven-dried and weighed. This
weight is added to the oven-dry weight of the plus No. 200 material to ob-
tain the total weight of sample.

e, Computations. The percentage of material by weight retained

on the various sieves is computed as follows:

weight in g retained on a sieve %100

Percent retained = total weight in g of oven-dry sample

If the sample has been split on the No. 4 sieve during preliminary treat-
ment and the air-dried coarser fraction sieved independently, the percent

retained for the coarser fraction is computed as follows:

air-dry weight in g retained on a sieve 100
air-dry weight in g of total sample

Percent retained =

Similarly, for the finer fraction when oven-dry weights are used:

weight in g retained on a sieve
oven-dry weight in g of sample
passing No. 4 sieve

Percent retained = x percent passing No. 4

where the percentage passing No. 4 sieve is computed on an air-dry basis.
The values of percent retained based on the above formulas refer to the
total weight of sample. Computation of a partial percent retained as indi-
cated in Plate V-i is necessary only when the sample is initially separated
on the No. 200 sieve for purposes of a combined analysis, as subsequently
described. The cumulative percent finer by weight than an individual

sieve size (percent finer) is calculated by subtracting the percent retained
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on the individual sieve from the cumulative percent finer than the next
larger sieve.
f. Presentation of Results. The results of the sieve analysis

are presented in the form of a grain-size distribution curve on a semi-

logarithmic chart as shown in Plate V-2, The grain-size distribution
curve is obtained by plotting particle diameter (sieve opening) on the
abscissa (logarithmic scale) and the percent finer by weight on the ordi-
nate (arithmetic scale).

3. HYDROMETER ANALYSIS. a. Description. The hydrometer

method of analysis is based on Stokes’ law, which relates the terminal

velocity of a sphere falling freely through a fluid to the diameter. The

relation is expressed according to the equation:

Yo - ¥
n

) 2
vV = 18607 P

|+

o

where v terminal velocity of sphere, ecm per sec

density of sphere, g per cm3
= density of fluid, g per cm3

< £
"
t

viscosity of fluid, g-sec per cm?2

o=
] 1]

diameter of sphere, mm

It is assumed that Stokes’ law can be applied to a mass of dispersed soil
particles of various shapes and sizes. The hydrometer is used to deter-
mine the percentage of dispersed soil particles remaining in suspension
at a given time. The maximum grain size equivalent to a spherical parti-
cle is computed for each hydrometer reading using Stokes’ law. The
hydrometer analysis is applicable to soils passing the No. 10 sieve for
routine classification purposes; when greater accuracy is required (such
as in the study of frost-susceptible soils), the hydrometer analysis should
be performed on only the fraction passing the No. 200 sieve (see para-
graph COMBINED ANALYSIS).
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b. Apparatus. The apparatus should consist of the following:

(1) Hydrometer, calibrated at 20/20 C (68/68 F), graduated

in specific gravity or grams per liter with a range of 0.995 to 4.040 and

0 to 50, respectively. The accuracy of the specific gravity hydrometer

shall be | 0.00I and of the
gram-per-liter hydrome-
ter, %1,

(2) Dispersion
apparatus, either of two
types may be used:

(a) A me-
chanically operated stirring
device in which a suitably
mounted electric motor turns
a vertical shaft at a speed
of not less than 10,000 rpm
without load. The shaft shall
be equipped with a replace-
able stirring paddle of metal,
plastic, or hard rubber. De-
tails of a typical paddle are
shown in Figure 5. A special
dispersion cup conforming
to either of the designs
shown in Figure 5 shall be
provided to hold the sam-
ple while it is being
dispersed.

(b) An air
dispersion device such as the

air -jet dispersion tube device

¥

DETAILS Of
STIRRING PADDLE

SHORT *

BAFFLE
LOCATION PLAN

rﬂ——————JJB'AMM——————ﬁ

PERMANENT
BAFFLE
RODS

r-———».'.?"'DMM

DISPERSION CUPS

Figure 5. Detail of stirring paddle
and dispersion cups

‘
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developed at Iowa State College.t
(3) Sedimentation cylinder, of glass, essentially 18 in, high
and 2-1/2 in. in diameter and marked for a volume of 1000 ml.
(4) Centigrade thermometer, range 0 to 50 C, accurate to
0.5 c.
(5) Timing device, a watch or clock with a second hand.
(6) Balance, sensitive to 0.1 g.
(7) Oven (see Appendix I’y WATER CONTENT - GENERAL).
c. Hydrometer Calibration. The hydrometer shall be calibratedt

to determine its true depth in terms of the hydrometer reading (see Fig. 6)

in the following steps:.
(1) Determine the volume of the hydrometer bulb, Vp. This
may be determined in either of two ways:

(a) By measuring the volume of water displaced. Fill a
1000-cc graduate with water to approximately 700 cc. The water should
be at about 20 C, Observe and record the reading of the water level.
Insert the hydrometer and again observe and record the reading. The dif-
ference in these two readings equals the volume of the bulb plus the part
of the stem that is submerged. The error due to inclusion of this latter
quantity is so small that it may be neglected for practical purposes.

(b) By determining the volume from the weight of\the
hydrometer. Weigh the hydrometer to 0.01 g on the laboratory balance.
Since the specific gravity of a hydrometer is, about unity, the weight in
grams may be recorded as the volume in cubic centimeters. This volume

includes the volume of the bulb plus the volume of the stem. The error

t T. Y. Chu and D. T. Davidson, “Simplified air-jet dispersion apparatus.
for mechanical analysis of soils,” Proceedings, Highway Research
Board, vol. 32 (1953), pp. 541-547.

1 ASTM hydrometers 154 H or 152 H (ASTM Designation: E 100) have a
uniform size; therefore, only a single calibration is required, which
can be applied to all ASTM hydrometers of this type.
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due to inclusion of the stem
volume is negligible.

(2) Determine the
area, A, of the graduate in
which the hydrometer is to be
used by measuring the dis-
tance between two gradua-
tions. The area, A, is equal
to the volume included between
the graduations divided by the
measured distance.

(3) Measure and
record the distances from the
lowest calibration mark on the
stem of the hydrometer to
each of the other major cali-
bration marks, R.

(4) Measure and
record the distance from the
neck of the bulb to the lowest
calibration mark. The dis-
tance, Hy, corre sponding to

a reading, R, equals the sum
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READING = R

! "!‘

L]
F1

2i ]

a. DETERMINATION OF TRUE HEIGMY O/
: OF HYOROMETER BULD

18

HEIGHT, H,. IN CM
~

NOTE:
\ A = INSIDE AREA OF
GRADUATE IN $Q Cwm
Vp = VOLUME OF HYOROM-
ETER IN CC

—“— h = HEIGKT OF HYDROM-
E£TER BULS IN CM
Hy = YRUE HEIGHT OF SUS-
h PENSION ABOVE CEN-

TER OF MYDROMETER
] BULS IN CM

=
.

USPENSION ABOVE CENTER

N

N\

AN

AN

N

HYDROMETER READING, R
b. TYPICAL HYDROMETER CALIBRATION CURVE

Figure 6. Hydrometer calibration

of the two distances measured in steps (3) and (4).
(5) Measure the distance from the neck to the tip of the bulb.

Record this as h, the height of the bulb. The distance, h/2, locates the

center of volume of a symmetrical bulb. If a nonsymmetrical bulb is

used, the center of volume can be determined with sufficient accuracy by

projecting the shape of the bulb on a sheet of paper and locating the center

of gravity of this projected area.
(6) Compute the true distances, HR,
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of the major calibration marks, R, from the formula:

Vo
- 1 R
HR'HN:»:( "K‘-)

(7) Plot the curve expressing the relation between HR and
R as shown in Figure 6. The relation is essentially a straight line for
hydrometers having a streamlined shape.

d. Meniscus Correction. Hydrometers are calibrated to read

correctly at the surface of the liquid. Soil suspensions are not transparent
and a reading at the surface is not possible; therefore, the hydrometer
reading must be made at the upper rim of the meniscus. The meniscus

correction, C which is a constant for a given hydrometer, is deter-

m!
mined by immersing the hydrometer in distilled or demineralized water
and observing the height to which the meniscus rises on the stem above the
water surface, For most hydrometers it will be found that Cn is equal
to approximately 0.5, and this value can be assumed for routine testing.

e, Preparation of Sample. The approximate size of sample to be

used for the hydrometer analysis varies according to the type of soil being
tested, as shown in the tabulation below:

Soil Type Dry Weight, g
Fat clays 30
Lean clays and silty soils 50
Sandy soils 751

T Up to 450 g of sandy soil can be used for the hy-
drometer analysis provided no more than 50 g of
the sample is finer than the No. 200 sieve.

The exact dry weight of the sample in suspension may be determined
either before or after the testt However, oven-drying some clays
before the test may cause permanent changes in the apparent grain sizes,

Samples of such soils should, if possible, be preserved at the natural
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water content and tested without first being oven-dried, the dry weight either

being obtained after the hydrometer analysis or computed according to

the formula:

weight of wet soil
1+ water content
100

Dry weight of specimen =

~ w
Ws—itO.Oi w

w having been determined on an untested portion of the sample.
Furthermore, if samples are dried and weighed before the test, any loss
of material during the test will affect the results.

f. Dispersing Agent. Very fine soil grains in a suspension nor-

mally will tend to flocculate, i.e. to adhere with sufficient force that they

settle together. Consequently, a dispersing agent to pr ev ent flocculation

of the soil grains during the test should be added to all samples. The fol-
lowing dispersing agents, listed in approximate order of effectiveness,

have been found to be satisfactory for most types of soils.T

Stock Solution
Concen- per
Dispersing Agents tration iter Manufacturer
1 Sodium tripolyphosphate 0.4 N 29 Blockson Chem. Co.,
Joliet, Ill.
2 Sodium polyphosphate 0.4 N 36 Blockson Chem. Co.,
Joliet, I1l.
3 Sodium tetraphosphate 0.4 N 3 Rumford Chem. Works,
(trade name ‘*Quadrafos'’) Rumford, R. I.
4 Sodium Hexametaphosphate 0.4 N 41 Most laboratory
(sometimes called sodium chemical supply c os.

metaphosphate) adjusted to
pH8-9 with NaZCO 3

The chemical product Calgon available in grocery stores shall not be used
as a dispersing agent as it no longer contains sodium hexametaphosphate.
Sodium silicate shall not be used as a dispersing agent since it gives un-

satisfactory dispersion while at the same time permitting flocculation to a

T A. M. Wintermyer and E. B. Kinter, “A study of dispersing agents for
particle-size analysis of soils,” Public Roads, vol. 28, No. 3 (August
1954), pp 55-62.
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point where it is not apparent to visual examination. Phosphate solutions are
somewhat unstable and therefore shouldnot be stored for extended periods of
time. In most instances, 45 ml of a dispersing agent solution is adequate.
However, should flocculation tend to continue, a second or third addition
of 45 ml of solution may be added.

The addition of a dispersing agent to the soil suspension re-
sults in an increase in density of the liquid and necessitates a correction
to the observed hydrometer reading. The correction factor, Cd’ is deter-
mined by adding to a 1000-ml graduate partially filled with distilled or de-
mineralized water the amount of dispersing agent to be used for the par-
ticular test, adding additional distilled water to the 1000-ml mark, then
inserting a hydrometer and observing the reading. The correction factor,
Cd' is equal to the difference between this reading and the hydrometer
reading in pure distilled or demineralized water.

The addition of a dispersing agent also increases the weight o
solids in the suspension. If the oven-dry weight of soil used for the hy-
drometer analysis is obtained at the end of the test, this weight must be
corrected by subtracting the dry weight of the dispersing agent used.

g Procedure. The procedure shall consist of the following steps:

(1) Record all identifying information for the sample, such
as project, boring number, or other pertinent data, on a data sheet (see
Plate V-3 for suggested form).

(2) Determine the dispersing agent correction, Cd’ and the
meniscus correction, Cm' unless they have been previously established.
Record this information on the data sheet.

(3) Determine or estimate the specific gravity of solids and
record on the data sheet.

(4) If the oven-dry weight is to be obtained at the start of the

test, oven-dry the sample, allow to cool, and weigh to nearest 0.1 g. Re-
cord the dry weight on the data sheet. Place the sample in a numbered dish

and add distilled or demineralized water until the sample is submerged. Add
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the dispersing agent at this time. Allow the sample to soak overnight or
until all soil lumps have disintegrated. Highly organic soils require special
treatment, and it may be necessary to oxidize the organic matter in order to
perform a hydrometer analysis on these soils. Oxidation is accomplished
by mixing the sample with a solution of 30 percent hydrogen peroxide; this
solution will oxidize all the organic matter. If only small amounts of or-
ganic matter are present, treatment with hydrogen peroxide may be omitted.

(5) Transfer the soil-water slurry from the dish to a dispersion
cup (Fig. 5), washingt any residue from the dish with distilled or deminer-
alized water. Add distilled water to the dispersion cup, if necessary, until
the water surface is 2 or 3 in. below the top of the cup; if the cup contains
too much water, it will splash out while mixing. Place the cup in the dispers-
ing machine and disperse the suspension for 4 to 40 min. The lower the plas-
ticity of the soil the shorter the time required to disperse it in the cup.}

(6) Transfer the suspension into a 1000-ml sedimentation
cylinder and add distilled or demineralized water until the volume of the
uspension equals 1000 ml. The suspension should be brought to the tem-
perature expected to prevail during the test.

(7) One minute before starting the test, take the graduate in
one hand and, using the palm of the other hand or a suitable rubber cap as
a stopper, shake the suspension vigorously for a few seconds in order to
transfer the sediment on the bottom of the graduate into a uniform suspen-
sion. Continue the agitation for the remainder of the minute by turning the

cylinder upside down and back. Sometimes it is necessary to loosen the

1 A large syringe or wash-water bottle is a convenient device for. handling
the water in the washing operation.

1 Air dispersion may be used in place of mechanical dispersion. A dis-
persion time of 10 min is recommended, using an air pressure of 25 psi
for clays and silts and 10 psi for sands. Several comparative tests in-
dicate that the air dispersion apparatus gives a higher degree of dis-
persion of clayey soils while causing less degradation of sands than the
mechanical stirring apparatus. See: Chu and Davidson, op. cit., and
U. S. Bureau of Reclamation, Comparison of Dispersion Methods for
Soil Gradation Analysis< Earth Laboratory Report No. EM-618 (Denver,
Colo., May 1961).
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sediment at the bottom of the cylinder by means of a glass rod before
shaking. Alternatively, the suspension may be agitated by means of a hand
agitator for one minute prior to testing. A schematic drawing of a hand
agitator is shown in Figure 7. A uniform distribution of the soil particles
in the suspension is accomplished by moving the hand agitator up and down
through the suspension for one minute. This process also prevents the

accumulation of sediment on the base and sides of the graduate.

19 | 14

!
' /—-P' DIA BRASS ROD ‘ .

LOOP FOR | INGCR

OtA PERFORATION

.L'll
i6
35 x 14" oia BRASS PLATE
Figure 7. Hand agitator for hydrometer cylinder

(8) At the end of 4 min, set the cylinder on a
table. If foam is present, remove it from the top of
the suspension by lightly touching it with a piece of
soap. Slowly immerse the hydrometer in the liquid 20
to 25 sec before each reading, as shown in Figure 8.
Care should be exercised when inserting and remov-
ing the hydrometer to prevent disturbance of the
suspension.

(9) Observe and record the hydrometer read-
ings on the data sheet after 1 and 2 min have elapsed

from the time the cylinder is placed on the table. As:-

soon as the 2-min reading has been taken, carefully

Figure 8. Immersing remove the hydrometer from the suspension and place
hydrometer in sus-

pension prior to mak-
ing observation a soil suspension for any length of time, material will

it in a graduate of clean water. (If a hydrometer is left in

V-16




EM 1410-2-1906
Appendix V
30 Nov 70

settle on or adhere to the hydrometer bulb and this will cause a significant
error in the reading,) Again insert the hydrometer in the suspension and
record readings after elapsed times of 4, 45, 30, 60, 120,1 240, and 1440
min, removing the hydrometer from the suspension after each reading and
placing it in a graduate of clean water. Make all hydrometer readings at
the top of the meniscus. For hydrometers graduated to read in specific
gravity of the suspension, read only. the last two figures and estimate the
third. Record the indicated specif{c gravity, minus 4, multiplied by 4000
(example: the reading 4.0225 should be recorded as 22.5). For hydrometers
graduated to read grams per liter of suspension, record the actual reading.

(10) At the end of 2 min and after each subsequent hydrometer
reading, place a thermometer in the suspension and record the tempera-
ture reading on the data sheet. The temperature shall be recorded to +0.5
C. Temperature changes of the soil suspension during the test will affect
the test results. Variations in temperature should be minimized by keep-
ing the suspension away from heat sources such as radiators, sunlight, or
open windows. A constant-temperature bath provides a convenient means
of controlling temperature effects.

(11) If the dry weight of the sample is to be obtained at the end
of the test, carefully wash all the suspension into an evaporating dish.
Oven-dry the material, allow to cool, and determine the sample weight.
Subtract the dry weight of dispersing agent used from this weight to obtain
the oven-dry weight of soil.

h. Computations. (1) Corrected hydrometer reading. Compute

the corrected hydrometer readings, R, for use in computing particle
diameter by adding the meniscus correction, Cm’ to the actual hydrom-
eter readings, R'. Record the corrected reading, R, on the data sheet.

(2) Computation of particle diameter. Calculate the particle

T A final reading after 120 min is sufficient for most soils when hydrom-
eter analysis is used for classification purposes.
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diameter corresponding to a given hydrometer reading on the basis of
Stokes’ equation, using the nomograph shown in Figure 9. The R-scale cor-
responding to the distances HR is prepared using the hydrometer calibra-
tion curves as shown in Figure 6. The R-scale shall be designed for the
particular hydrometer used in the test. A key showing the steps to follow
in computing D for various values of R is shown on the chart. Record
the particle diameters, D, on the data sheet.

(3) Percent finer. To compute the percent of particle diameters
finer than that corresponding to a given hydrometer reading, subtract the dis-

persing agent correction, C,, from the corrected hydrometer reading, R. A

>
temperature correction fact‘(i)r, m, must also be added algebraically to each
of" the readings. This factor can be either positive or negative depending on
the temperature of the suspension at the time of each reading. Obtain the
temperature correction factors from Table V-i and record them on the data
sheet. Record the values of R -Cd+ m on the data sheet. The R -Cd tn
values are used to compute percent finer according to the following formulas:

Hydrometer calibrated in specific gravity:

G
. 100 ,
Percent finer by weight = X (R -C,+m)
Gs -1 Ws d

Hydrometer calibrated in grams per liter:

Percent finer by weight =EV%Q-(R-Cd + m)
s

&
=
o
”
o
Q
n

specific gravity of solids

£
n
£
1

oven-dry weight in g of soil used for hydrometer analysis

o)
]
O
.
+
3
"

corrected hydrometer reading minus dispersing agent
correction plus, algebraically, temperature correction

Calculations for routine work can bé"greatly facilitated by using charts,
tables, and other simplifying aids based on a given oven-dry weight of the

sample and average specific gravity values for the major soil groups.
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30 Nov 70 Table V-1
Temperature Correction Factor, m, for
Use in Computing Percent Finer

Degrees Degrees Degrees Degrees
¢ F Correction ¢ F Correction
14.0 57.2 -0.9 24.0 75.2 +0.8
14.5 58.1 -0.8 24.5 76.1 0.9
15.0 59.0 -0.8 25.0 77.0 +1.0
15.6 59.9 -0.7 25.5 77.9 +1.1
16.0 60.8 -0.6 26.0 78.8 +1.3
16.5 61.7 -0.6 26.5 79.7 +1.h4
17.0 62.6 -0.6 27.0 80.6 +1.5
17.5 63.5 -0.4 27.5 81.5 +1.6
16.0 64.4 -0.4 28.0 82.4 +1.8
18.5 65.3 -0.3 28.5 83.3 +1.9
19.0 66.2 -0.2 29.0 8L.2 2.1
19.5 67.1 -0.1 29.5 85.1 2.2
20.0 68.0 0.0 30.0 86.0 +2.3
20.5 68.9 +0.1 30.5 86.9 +2.5
21.0 69.8 +0.2 31.0 87.8 +2.6
21.5 70.7 +0.3 31.5 88.7 +2.8
22.0 71.6 +0.4 32.0 89.6 +2.9
22.5 72.5 +0.5 32.5 90.5 +3.0
23.0 73.4 +0.6 33.0 91.k4 +3.2
23.5 Th.3 +0.7 33.5 92.3 +3.3

34.0 .93.2 +3.5
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1. Presentation of Results. The data obtained from the hydrom-

eter analysis are presented in the form of a grain-size distribution curve
on a semilogarithmic chart, as shown in Plate V-2.

4, COMBINED ANALYSIS. a. Description. A combined analysis is
necessary for soils containing material finer than the U. S. Standard No. 200

sieve when the grain-size distribution of the material passing the No. 200
sieve is of interest. A sieve analysis is performed on the material re-
tained on the No. 200 sieve, and a hydrometer test is performed on the
material passing the No. 200 sieve.

b. Apparatus. The apparatus for the combined analysis is the
same as that used for both the hydrometer and sieve analyses.

c. Preparation of Sample. A representative sample for the

combined analysis is selected and prepared in the manner described in
parag raph 2¢. The total amount of sample should be sufficient to yield
required amounts of material for both the sieve and hydrometer analyses,
A visual inspection of the sample will usually suffice to indicate the need
for intermediate steps such as large screen processing for the plus No. 4
fraction, washing, etc. Samples of soils having fines with little or no
plasticity are oven-dried, weighed, and then separated on the No. 200
sieve. The plus and minus No. 200 sieve fractions are preserved for the
sieve and hydrometer analyses, respectively.

Soils containing plastic fines may also be oven-dried initially.
However, if the sample contains plastic fines which tend to form hard
lumps or to coat the coarser particles during oven-drying, the sample is
placed in a pan filled with enough water to cover all the material and
allowed to soak until all the lumps or coatings have been reduced to indi-
vidual particles. The length of time required for soaking will vary from
2 to 24 hr, depending in general on the amount and plasticity of the fines,
The water and soil mixture is then washed over a No. 200 sieve (and No. 4
sieve, if necessary), The coarser fractions are preserved for a sieve
analysis, and the soil and water passing the No. 200 sieve are preserved
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for a hydrometer analysis. Excess water with the lines is removed by
evaporation, filtration, or wicking, Ifthe grain size of the plastic

fines would be altered by oven-drying. The oven-dry weight of the fines is
determined after the hydrometer test.

Inroutine testing when all soil particles are finer than the
No. 10 sieve size, the hydrometer test may be performed on a total sample
of known dry weight; the sample is then washed through the No. 2088 sieve,
and finally the sieve analysis is performed on the oven-dried fraction
retained on the No. 208 sieve.

d. Procedure. The procedure shall consist of the following steps:

(1) Record identifying information for the sample on both the
sieve and hydrometer analysis data sheets (see Plate V-1).

(2) Perform a sieve analysis on a representative portion of the
sample retained on the No. 208 sieve, using the procedures described 1in
paragraphs 2d(1) and 2d(2).

(3) Perform a hydrometer analysis on a portion (see para-
graph 3e for approximate weight) of the sample passing the No. 208 sieve,
using the procedure described in paragraph 3g.

e. Computations. The computations consist of the following steps:

(1) Compute the percentage retained on the No. 200 sieve for
the total sample used in the combined analysis as follows:

Percent retained on No. 200 sieve =Hl x 180

W
S
where w1 = dry weight of sample retained on No. 200 sieve
W_ = total dry weight of sample used for combined analysis

s
(2) Compute the data from the sieve analysis in the same

manner as outlined in paragraphs 2d(1) and 2d(2), except that the percent
retained for each sieve shall be based only on that portion of the total
material used for the sieve analysis. As the amount of material usedin
the sieve analysis may be less than ”1’ it will be necessary to compute
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a partial percent retained as follows:

weight in g retained on a sieve X 100
total weight in g of oven-dry
sample used for sieve analysis -

Partial percent retained =

The total percent retained is computed as follows:
~ . W1
Total percent retained = patrtial percent retained XT
s

The total percent finer is computed as follows:
Total percent finer = 100 - total percent retained

(3) Compute the data from the hydrometer analysis in the same
manner as outlined in paragraphs 3h(1) through 3h(3), except that the re-
sults shall be shown in terms of a partial percent finer. As in the sieve
analysis, the amount of material used for the hydrometer énalysis may be

less than Ws - W,, therefore a partial percent finer is computed as follows:

Hydrometer calibrated in specific gravity:

- Gs 100
Partial percent finer = e -1 W (R - Cd + m)
s o

‘Hydrometer calibrated in grams per liter:

Partial perceﬁt finer = }WQ_Q, (R ~ Cd + m)
o
where W _ = oven-dry weight in g of soil used for hydrometer analysis

Other terms were defined previously.

The total percent finer is computed as follows:

WV -W

Total percent finer = partial percent finer X sw 1

f. Presentation of Results. The results of the combined analysis
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in terms of particle diameter and total percent finer by weight are pre-
sented in the form of grain-size distribution curves on a semilogarithmic
chart as shown in Plate V-2. The curves obtained from the sieve and hy-
drometer analyses are joined by constructing a smooth curve between them.
5. PROCEDURES FOR PREPARING CLAY SHALE MATERIAL. The pro-
cedures for preparing clay shale material shall be the same as those de-
scribed in paragraph 4, page III- 14, Appendix III, LIQUID AND PLASTIC
LIMITS. Material for a particle-size distribution test should be removed
from a processed batch and the test performed in accordance with the
procedures described in this appendix. However, the material should not
be oven-dried before testing, and the hydrometer analysis should be of
duration sufficient to determine the percent finer than 2-p size.

6. POSSIBLE ERRORS. Following are possible errors that would cause
inaccurate determinations of grain-size distribution:

a. Sieve Analysis. (1) Aggregations of particles not thoroughly

broken. If the material contains plastic fines, the sample should be slaked
‘before sieving.

(2) Overloading sieves. This is the most common and most
serious error associated with the sieve analysis and will tend to indicate
that a material is coarser than it actually is. Large samples may have to
be sieved in several portions, and the portions retained on each sieve re-
combined afterwards for weighing.

(3) Sieves shaken for too short a period or with inadequate
horizontal or jarring motions. The sieves must be shaken so that each
particle is exposed to the sieve openings with various orientations and has
every opportunity to fall through.

(4) Broken or deformed sieve screens. Sieves must be fre-
quently inspected to ensure they contain no openings larger than the
standard.

(5) Loss of material when removing soil from each sieve.

b. Hydrometer Analysis. (1) Soil oven-dried before test. Except

V-24
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for inorganic soils of low dry strength, oven-drying may cause permanent
changes in the particle sizes.

(2) Unsatisfactory type or quantity of dispersing agent.
Whenever new or unusual soils are tested, trials may be necessary to de-
termine the type and quantity of chemical which gives the most effective
dispersion and deflocculation.

(3) Incomplete dispersion of. soil into suspension.

(4) Insufficient shaking or agitating of suspension in cylinder
at start of test.

(5) Too much soil in suspension. The results of the hy-
drometer analysis will be affected if the size of the sample exceeds the
recommendations given in paragraph 3e.

(6) Disturbance of suspension while inserting or removing
hydrometer. Such disturbance is most likely to result when the hy-
drometer is withdrawn too rapidly after a reading.

(7) Stem of hydrometer not clean. Dirt or grease on the
stem may prevent full development of the meniscus.

(8) Nonsymmetrical heating of suspension,

(9) Excessive variation in temperature of suspensionduring test.

(10) Loss of material after test. If the oven-dry weight of the
soil is obtained after the test, all of the suspension must be washed care-
fully from the cylinder.

c. Combined Analysis. (1) Insufficient washing of material

over the No. 200 sieve. The dispersing agent should be added to the water

in which the sample is soaked and the soil-water mixture should be fre-
quently manipulated to aid the separation of particles; coarser particles
may be removed from the mixture and washed free of fines by hand to re-
duce the quantity of material to be washed on the sieve. While the addi-
tional water used for washing should be held to a minimum, enough must

be added to insure adequate removal of the fines.

(2) Loss of suspension passing the No. 200 sieve.
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SIEVE AND HYDROMETER ANALYSIS
(EM 1110-2-1806)

PART | — SIEVE ANALYSES DATE

PROJECT

BORING NO. SAMPLING NO.

TOTAL WEIGHT IN GRAMS OF SAMPLE, W = WEIGHT IN GRAMS OF MATERIAL >NO. 4 SIEVE =
INCHES MILLIMETERS OR NUMBER IN GRAMS PARTIAL TOTAL BY WEIGHT
3.00 3-in.

2.00 2-in,
1.50 1-1/2-in.
1.00 265.4 1-in,
0.750 19.1 3/4-in,
0.500 12.7 1/2-in.
0.375 9.52 3/8-in.
0.250 6.35 No. 3
0.187 4.76 No. 4
Pan
0.132 3.36 No. 6
0.094 2.38 No. 8
0.079 2.00 No. 10
0.047 1.19 No. 16
0.033 0.84 No. 20
0.023 0.69 No. 30
0.0165 0.42 No. 40
0.0117 0.297 No. 50
0.0083 0.210 No. 70
0.0059 0.149 No. 100
0.0041 0.105 No. 140
0.0029 0.074 No. 200
Pan
TOTAL WEIGHT IN GRAMS
Partial percent retained = wt in grams retained on a sieve 100

wt in grams of sample used for a given series of sieves

wt in grams retained on a sieve
Total percent retained = x 100
total wt in grams of oven-dry sample

For an individual sieve, the percent finer by weight = percent finer than next larger sieve — percent retained on individual sieve
REMARKS

TECHNICIAN COMPUTED BY CHECKED BY
TECHNICIAN . COMPUTED BY CHECKED BY
ENG FORM 3841, AUG 85 REPLACES EDITION OF JUN 65 AND {Proponent: DAEN-ECE-S)
ENG FORM 3842, JUN 65, WHICH
MAY BE USED UNTIL EXHAUSTED. V-26 PLATE y-1




DATE
PART tl — HYDROMETER ANALYSIS
PROJECT
BORING NO.:
SAMPLE OR SPECIMEN NO. CLASSIFICATION
DISH NO. GRADUATE NO. HYBDROMETER NO.
DISPERSING AGENT USED QUANTIY
DISPERSING AGENT CORRECTION, C = MENISCUS CORRECTION, C_ =
ELAPSED HYDRO, CORRECTED PARTICLE TEMP
TIME TIME TEMP | READING | READING | DIAMETER |CORRECTION| R=C,+m PERCENT FINER
MIN Nl (A (D). MM (m) PARTIAL TOTAL
Byre  -:
DISH PLUS DRY SOIL Fre o
WEIGHT
IN DISH Specific gravity of solids, G_ =
GRAMS Co! d hyd te d's (R)
rrected hydrometer reading
DRY SOIL wO = hydrometer reading (R’) + Cm
The gmicle diamter (D) is calculated from Stoke’s equation using corrected hydrometer reading. Use nomographic chart for solution of
Stocke’s equation. '
Hydrometer graduated in specific gravity W, = total oven-dry wt of sample used for combined analysis
. G 100
. 5 .
Partial percent finer = G -1 x “‘"‘w (R-Cyq+m) W, = oven-dry wt in grams of soil used for hydrometer analysis
8 o

Hydrometer graduated in Frams per liter W1 = oven-dry wt of sample retained on No. 200 sieve

Partial percent finer = —— (R - Cd +m)
W

° Ws ~-W

Total percent finer = partial percent finer x -

1

REMARKS

TECHNICIAN COMPUTED BY CHECKED BY

Reverse of ENG Form 3841
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APPENDIX VI:

COMPACTION TESTS

1, INTRODUCTION. 1In the laboratory compaction test, a soil at a
known water content is placed in a specified manner in a mold of
given dimensions and subjected to a compactive effort of con-
trolled magnitude after which the resulting unit weight of the
soll 1is determined. The procedure is repeated at various water
contents until a relation between water content and unit weight
of the soil is established.

The laboratory compaction procedure is intended to simulate
the compactive effort anticipated in the field. As a general

rule the standard compaction test shall be used to simulate field

compaction for routine foundation and embankment design. In
special cases, to suit anticipated construction procedures, it
may be necessary to use higher or lower compactive efforts on the

soil. For a higher compactive effort the modified compaction

test, and for a lower compactive effort the 15-blow compaction

test shall be used. Details of the standard, modified, and
15-blow compaction tests are given below.

2. STANDARD COMPACTION TEST.

a. Apparatus. The apparatus consists of the following:

(1) Molds, cylindrical, metal. Molds shall have a
detachable base and a collar assembly extending approximately
2-1/2 in. above the top of the mold to retail soil during pre-
paration of compacted specimens of the desired height and volume.
Molds having a slight taper to facilitate removal of the specimen
after the compaction test are satisfactory provided the taper

VI-1




EM 1110-2-1906
Appendix VI
Change 2

20 Aug 86
* is no greater than 0.200 in. in diameter per foot of mold height.

Capacities and dimensions of the molds shall be as follows:

(a) Mold with an average inside diameter of
4.0 t 0.016 in. and a capacity of 1/30 t 0.0004 cu ft. Details
of a typical mold are shown in Figure 1.

(b) Mold with an average inside diameter of
6.0 + 0.016 in. and a capacity of 3/40 + 0.0009 cu ft. The
6.0~in. mold may be similar in construction to that shown in
Figure 1, and shall be used for compacting samples containing
material that would be retained on the No. 4 sieve but passing
the 3/4-in. sieve.

(c) The exact volume of molds should be
determined before use and periodically thereafter, and this

measured volume is used in calculations.

(2) Rammer, manually or mechanically operated. The
rammer shall consist of a drop weight which can be released to
fall freely and strike the soil surface. The height of drop
shall be controlled so that the weight falls from a height of
12 + 1/16 above the surface of the soil. The mass of the free
falling part of the rammer shall be 5.5 % 0.02 lb and the
striking face of the rammer shall be flat. Rammers must also

meet the following requirements:

(a) Manual rammer. The striking face shall be
circular with a diameter of 2.0 + 0.005 in. The rammer shall be
equipped with a guide sleeve having sufficient clearance so .that
the free fall of the rammer shaft and head will not b® restricted.
The guidesleeve shall have at least four vent holes at each end
(eight holes total) located with centers 3/4 t 1/16 in. from each

VIi-2
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end and space 90 deg apart. The minimum diameter of the vent
holes shall be 3/8 in. Additional vent holes or slots may be
incorporated in the guidesleeve if desired. Figure 2 illustrates

a typical manual rammer.

(b) Mechanical rammer. A mechanical rammer must
operate in such a manner as to provide uniform and complete
coverage of the specimen surface. The clearance between the ram-
mer and the inside surface of the mold at its smallest diameter
shall be 0.10 £ 0.03 in. When used with the 4-in. mold, the
specimen contact face shall be circular with a diameter of
2.000 & 0.005 in. When used with the 6.0-in. mold, the specimen
contact face shall be either circular or sector shaped?; if sec-
tor shaped, it shall have a radius of 2.90 * 0.02 in. The sector
face rammer shall operate in such a manner that the vertex of the
sector is positioned at the center of the specimen.

(c) calibration of mechanical rammer compactors.
The mechanical rammer compactor must be calibrated periodically
against the results obtained with the manual rammer. The compac-
tor must be calibrated for the circular foot and, if used, the
sector foot. The mechanical compactor shall be calibrate-d before
initial use, near the end of each period during which the mold
was filled 500 times before use after anything including repairs
that may affect test results whenever test results are gquestion-
able, and before use after any 6-month period during which the
rammer was not calibrated. Procedures for calibrating mechanical
compactors are given in Engineer Manual EM 1110-2-1909, Calibra-

tion of Laboratory Soils Testing Equipment.

t The mechanical rammer equipped with a sector shaped foot
should not be used for compacting specimens for the California
Bearing Ratio (CBR) test described in MIL-STD-621A as CBR
values may differ substantially from those obtained on
specimens compacted with a rammer having a circular foot.

VI-4




(3) Balance having a readability
of 1 g, an accuracy of 2 g, and having a
capacity sufficient for weighing compacted
samples.

(4) Oven (see Appendix I, WATER
CONTENT - GENERAL) .

(5) Sieves, US Standard 3/4-in.
and No. 4 (0.187 in.) conforming to ASTM
Designation: E 11, Standard Specification
for Wire-Cloth Sieves for Testing Purposes.
Large sieves are generally more suitable

for this purpose.

(6) Straightedge, steel, at
least 1/8 x 1-3/8 x 10 in. and having a
beveled edge.

(7) Mixing tools, such as mixing
pan, Spoon, trowel, spatula, etc. A suit-
able mechanical device may be used for mix-

ing fine-grained soils with water.

(8) Specimen containers. Seam-
less metal containers with lids are recom-
mended. The containers should be of a
metal resistant to corrosion such as alumi-
num or stainless steel. Containers 2 in.

high by 3-1/2 in. in diameter are adequate.

VI-5
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Figure 2. Manual

rammer for stan-

dard compaction
test
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('9) Sample splitter or riffle for dividing the

samples.

(10) Glass jars, metal cans, or plastic buckets with
airtight lids in which to store and cure soil prepared for

compaction.

(11) Equipment for determining water contents (see
Appendix I, WATER CONTENT - GENERAL) .

b. Preparation of Sample. The amount of soil required for
the standard compaction test varies with the kind and gradation

of the soil to be tested. For soils passing the No. 4 sieve that
are to be tested in the 4.0-in. mold, 20 1lb of soil is normally
sufficient for the test. For samples containing gravel that are
to be tested in the 6.0-in. mold, approximately 75 1b of pro-
cessed material is required. Ordinarily, the soil to be tested
shall be air-dried, or dried by means of drying apparatus pro-
vided the apparatus will not raise the €emperaturé of the sample
above 60° C (140° F). The requirement for fully air-drying soils
in preparation for compaction is intended to facilitate soil pro-
cessing and reduce variability in testing procedures. However in
some construction control operations, it may not be practical to
completely air dry, rewet, and cure the soil in preparation for
compaction. In these instances, the soil is air-dried to some
water content near the driest point on the compaction curve and
water for preparation of individual test specimens added as
needed to obtain the desired range of water contents. Partial
air drying of some soils during preparation may lead to compac-
tion results different from those which would be obtained if the
soil had been completely air-dried during preparation*. If a pro-
cedure other than the standard (fully air-dry, rewet, and cure)

procedure is used, comparison tests must be performed for each of *
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* the soil types encountered at a given project to verify that
there is no differences in results. If differences in results do
appear, a procedure that reflects the actual field conditions

must be adopted for both design and construction control testing.

Aggregations present in the sample shall be thoroughly
broken, but care should be taken that the natural size of the
individual particles is not reduced. The material shall then be
screened through a 3/4-in. and a No. 4 sieve. For some soils, it
may be desirable to reduce aggregations before the sample is
dried. If all the material passes the No. 4 sieve, the sample
shall be mixed thoroughly and a representative sample taken to
determine the initial water content (see Appendix I, WATER
CONTENT - GENERAL). The sample shall then be stored in an air-
tight container until ready for processing at different water

contents for compaction in the 4.0-~in. mold.

If all the sample passes the 3/4-in. sieve and contains
5 percent or less material larger than the No. 4 sieve, the plus
No. 4 fraction shall be discarded and the test performed using
the 4.0-in. compaction mold. If all the sample passes the
3/4~-in., sieve but contains more than 5 percent material retained
on the No. 4 sieve, it shall be tested in the 6-in. mold. The
sample shall be mixed thoroughly after which its initial water
content shall be determined. The sample shall then be stored in
an airtight container until ready for processing at different

water contents for compaction.

If the sample contains some material retained on the
3/4-in. sieve, but the amount is 5 percent or less, the plus
3/4-in. fraction shall be removed and discarded and the sample
tested in the 6-in. mold. The initial water content of the
sample shall be determined and the sample stored in an airtight
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* container until ready for ‘processing at different water contents

for compaction.

If the sample contains more than 5 percent material re-
tained on the 3/4-in. sieve, the test should be performed using
the 12-in. compaction mold, the procedures for which are given in
Appendix VIA: COMPACTION TEST FOR EARTH-ROCK MIXTURES.

c. Procedure.

(1) Material finer than No. 4 sieve. The procedure
for soils finer than the No. 4 sieve shall consist of the
following:

(a) Record all identifying information for the
sample such as project name or number, boring number, and other
pertinent data on a data sheet (see Plate VI-1 for suggested
form). Record the compactive effort to be used, size of mold,
and initial water content of processed sample.

(b) From the previously prepared sample, weight
a quantity of air-dry soil equivalent to 2,500'g oven-dry weight
(see paragraph 2d(1)). Thoroughly mix the material with a mea-
sured quantity of water sufficient to produce a water content 4
to 6 percentage points below estimated optimum water content. At
this water, nonplastic soils tightly squeezed in the palm of the
hand will form a cast which will withstand only slight pressure
applied by the thumb and fingertips without crumbling; plastic
soils will ball noticeably. Store the soil in an airtight con-
tainer for a sufficient length of time to permit it to absorb the
moisture. The time required for complete absorption will vary
depending on the type of soil. For nonplastic soils in which
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* moisture is readily absorbed, storage is not necessary. For most

other soils a minimum curing time of 16 hr is usually adequate.

(c) Repeat step (b) for at least four additional
specimens. Increase the water content for each specimen by
approximately 2 percentage points over that of the previous

specimen.

(d) Weigh the 4.0-in. compaction mold to the
nearest gram, and record the weight on the data sheet.

(e) Attach the mold, with collar, to the base
plate and place the mold on a uniform, rigid foundation, such as

a block or cylinder of concrete weighing not less than 200 1lb.

(£) Place an amount of the prewiously prepared
sample in the 4.0-in. mold such that when three such layers have
been compacted in the mold, the total compacted'height is between
4-518 in. and 5 in.? Compact each layer by 25 uniformly distrib-
uted blows from the rammer, with the drop weight falling freely
from a height of 12.0 in. In operating the manual rammer, take
care to hold the rammer vertical and avoid rebounding the rammer
drop weight from the top of the guidesleeve. Apply the blows at
a uniform rate not exceeding 1.4 sec per blow. The compaction
procedure is illustrated in Figure 3.

(g) Remove the extension collar from the mold.
Remove the exposed compacted soil with a knife and carefully trim

t It is important-that the compacted soil just £ill the mold

with little excess to be struck off. As the amount of _
material to be struck off varies, the mass of soil to which a
constant amount of energy is supplied varies. When the amount

of material to be struck off is more than about 1/4 in., the
test results become less accurate.
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Figure 3. Compacting soil specimen.
the surface even with the top of the mold by means of a straight-

edge. Any cavities formed by large particles being pulled out
should be carefully patched with material from the trimmings.

(h) Remove the mold with the compacted specimen
therein from the base plate, weigh the mold plus wet soil to the
nearest gram, and record the weight on the data sheet. When
cohesionless soils are being tested there is a possibility of
losing the sample if the base plate is removed. For these soils,
weigh the entire unit.
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(i) Remove the compacted specimen from the mold,
and slice it vertically through the center. Take a representa-
tive specimen of the material from each of the two parts and
determine the water content of each (see Appendix I, WATER
CONTENT = GENERAL) . The water content specimens shall weigh not
less than 100 g. Alternatively, the entire compaction specimen
may be used for the water content determination. In this case,
the wet weight of specimen for use in computing water content
should be redetermined after the specimen is extruded from the
compaction mold as some loss of material may occur during trans-
fer of the specimen._

(j) Repeat steps (d) through (i) for remaining
specimens. Compact a sufficient number of test specimens over a
range of water contents to establish definitely the optimum water
content and maximum density. Generally, five compacted specimens
prepared according to the above-described procedure should com-
pletely define a compaction curve. However, sometimes more
specimens are necessary. To determine if the optimum water con-
tent has been reached, compare the wet weights of the various
compacted specimens. The optimum water content and maximum
density have been reached if the wettest specimens compacted

indicate a decrease in weight in relation to drier specimens.

(2) Materials larger than 3/4 in. sieve. The proce-
dure for determining the density and optimum water content of
soils containing material retained on the 3/4 in. sieve is the
same as that for the finer than 3/4 in. sieve material, except
that the test is performed in the 6.0-in.-diam mold and the
number of blows of the compaction rammer is 56 per soil layer
instead of 25. This results in equal compactive efforts for the

two molds. It is advisable to use the entire compacted specimen
for the water content determination. The quantity of soil
VI-11
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* required for each compacted sample will be equivalent to about

5,500 g of oven-dry material.

d. Computations.

(1) Preparation of specimen. The required weight of

soil, Wé , 1n grams necessary to produce 2,500 g of oven-dry

soil is computed as follows:

where

initial water content of material (after air-drying)

=
"

desired weight of oven-dry soil = 2,500 g

WI
S

The amount of water, Ww, in cc, to be added to the weight of
soil, Wé , to produce specimens at the desired test water

contents 1is computed as follows:

LI,
. wg (w wo)
w o 100

where

w' = desired test water content

(2) Quantities obtained in compaction test. The
following quantities are obtained for each specimen in the

compaction test:
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(a) Weight of compaction mold plus wet soil. The

weight of the compaction mold is subtracted from this value to
obtain the weight of the soil, W .

(b) The inside volume of the compaction mold.

This volume is equal to the volume, V , of the wet soil
specimen.

(c) Weight of water content specimen plus tare

before and after oven-drying. The tare weight is subtracted from

these values to obtain the weight of wet and dry soils for
computing water content.

(3) Water content and density. The water content,

w , of each compacted specimen shall be computed in accordance

with Appendix I, WATER CONTENT - GENERAL.

The weight of oven-dry
soil, WS

+ of each compacted specimen shall be computed accord-
ing to the formula:

. . . weight of wet soil
D =
ry weight of specimen L+ waler content
100

W

s w
1+ 100

The dry weight of the specimen is obtained directly if the entire
compacted specimen is used for the water content determination

and no loss of material occurs during removal of the specimen
from the mold.

The wet unit weight, Yo (optional) and the dry unit

weight, Yqr expressed in pounds per cubic foot, shall be
computed by the following formulas: *
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weight in g of wet specimen 62.4
volume in cc of wet specimen *

Wet unit weight =

x 62,4

<
]
<=

weight in g of oven-dry specimen 62.4
volume in cc of wet specimen )

Dry unit weight

W

S
'Yd '\7— x 62.4

These computations may be simplified by use of a mold constant,
C , computed as follows:

so that Ym = CW and Yg = cw_ .

e. Presentation of Results.

(1) Compaction curve. The results of the standard
compaction test shall be presented in the form of a compaction
curve on an arithmetic plot as shown in Plate VI-2. The dry
densities in pounds per cubic foot are plotted as ordinates and
the corresponding water contents in percentage of dry weight as
abscissas. The plotted points shall be connected with a smooth
curve; for most soils the curve produced is generally parabolic
in form. A typical compaction curve is shown in Figure 4. The
water content corresponding to the peak of the compaction curve
is the optimum water content, and this value shall be recorded to
the nearest 0.1 percent. The dry unit weight of the ;oil in
pounds per cubic foot at the optimum water content is the maximum
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* dry density, and this value shall be recorded to the nearest

0.1 1b per cu ft.

(2) Air voids curves. The zero air voids curve (see
example in Figure 4) represents the dry density and water content
of a soil completely saturated

with water. The zero air voids

and 90 percent saturation curves

shall be shown with the compac-

MAX ORY DENSITY

tion curve in Plate VI-2. Data

-CF

for plotting these curves for

COMPACTION
CURVE

soils with different specific

ORY DENSITY,

gravities are given in

Table VI-1. The specific gravity

OPTIMUM WATER CONTENT

et e e . e —— e — e —— -

of the soil used in the compac-
tion test shall be determined in
Appendix IV, SPECIFIC GRAVITY.

WATER CONTENT, %

Figure 4. Determination of
3. MODIFIED COMPACTION TEST. maximum density and opti-
The modified compaction test dif- mum water content
fers from the standard test in that
a greater compactive effort is used which results in higher
maximum densities and lower optimum water contents. The appara-
tus, preparation of sample, and procedure are the same as those
used in the standard compaction test, with the following

modifications:

a. Apparatus. The rammer shall consist of a 10.00-1b
weight with an 18,0-in., free drop. If a mechanical rammer is
used in performing these tests, the rammer must be calibrated
separately for this test in accordance with procedures given in
Engineer Manual EM 1110-2-1909, Calibration of Laboratory Soils
Testing Equipment. *
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b. Procedure. The soil shall be compacted in five layers
of equal thickness. The number of blows per layer shall be the
same as for the standard compaction test: 25 blows per layer in
the 4.0-in.-diameter mold, and 56 blows per layer in the 6.0-in.-
diameter mold. The computations and presentation of results

shall be the same as those used in the standard compaction test.

4. 15~BLOW COMPACTION TEST. The 15-blow compaction test differs
from the standard compaction test in that a lesser compactive
effort is used resulting in lower maximum densities and higher
optimum water contents. The apparatus, preparation of samples,
and procedures shall be the same as those used in the standard
compaction test (5.50-1b weight with a 12.0=-in. free drop) with

the following modifications:
a. The 6-in. mold shall not be used.

b. The number of blows per layer shall be 15.

The computations and presentation of results shall be the same as

those used in the standard compaction test.

5. POSSIBLE ERRORS. Following are possible errors that would
cause inaccurate determinations of compaction curves for any

compactive effort:

a. Aggregations of dried soil not completely broken.

b. Water not thoroughly absorbed into dried soil. Consis-
tent results cannot be obtained unless the soil and water are

complete mixed and sufficient time allowed for the soil to absorb

the water uniformly.
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c. Soil reused. Since some soils are affected by recom-
paction, fresh material must be used for each specimen. Recom-
paction tends to increase the maximum dry unit weight of some
clays and, therefore, decrease the apparent optimum water
content.

d. Insufficient number of range of water contents to
define compaction curve accurately. See paragraph 2c(1) (j).

e. Improper foundation for compaction mold.

f. Incorrect volume of compaction mold used. The exact
inside volume of each mold must be determined before being used.

g. Mechanical compactor not properly calibrated.

h. Human factors in the operation of hand rammer. Varia-
tions in results can be caused by not bringing the drop weight to
a complete stop before releasing it to fall and compact the soil.
If raising and releasing the rammer's drop weight is done too
quickly, the drop weight will not be brought to rest before
release. If the rammer is not held vertical during operation,
the compactive effort will be reduced. The tendency to press the
sleeve of the manual rammer into the soil specimen, the way the
blows are distributed over the surface of the specimen, and other
individual operator characteristics all tend to affect compaction
results. By proper instruction and supervision, uniform tech-
nique can be maintained within a laboratory; however, it is
preferable that all specimens of a given test be compacted by the
same person with the same rammer in one sitting.

i. Excessive variation in total depth of compacted speci-
men. The extension of the specimen into the collar of the mold *
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* should not exceed about 1/4 in., and care should be taken that

each layer is nearly equal in weight.

j. Water content determination not representative of
specimen. This error can be avoided by using the entire specimen
for the water content determination.
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Zero air voids curve equivalent to a degree of saturation, $ , equal to 100 percent.

§ = degree of saturation, percent
Yo " unit weight of water, 1lb per cu ft = 62.43

w = water content, percent
Ya = dry unit weight of soil, 1lb per cu ft

G, = specific gravity of soil solids

This equation may also be used to determine curves representing degrees of saturation other than 100 percent.

Note:
where
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COMPACTION TEST
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Mold No. inch diam mold | Volume of mold, V, in cec =
Mold constant, C = 62.4 + V = I Inttial water content, w, =
blows per each of layers, with 1b rexmer inch drop
Specimen No. l I [

Preperation of specimen
100 + Yo

Uven-dry soil w!
wi(100 + w,) w!

Wet soil =

Tare

Weight in grams

Tare plus wet soil

Test water content l v 4 4 { s % %

Vater added ='W§ (v' - w,)
| __in cc 0 -

Compacted specimen

a Nold plus wet soil
| Mold tare
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2| Vet wnie vt = ov "n
38| Dry wmit wt = oW, Ta
Water contuf deteminations
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Tare plus wet soil
Tare plus dry soil

'5, Water L
-
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Dry soil ]

Water content - X 100 w s 9 4 4 <
W L.
Remarks
Technician Computed by Checked by.
D415012 IATE VI-1
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APPENDIX VIA:

COMPACTION TEST FOR EARTH-ROCK MIXTURES

i. INTRODUCTION. In Appendix VI, procedures are given for the
standard effort compaction test using samples having particles finer than
the 3/4-in. sieve sizes. The procedures outlined in this appendix are for
the standard effort compaction test using material with particles larger
* than 3/4-in. and finer than 2-in. sieve sizes. This method should be
used for testing material containing particles larger than 3 /4-in.
sieve sizes if these particles exceed 10 percent by weight of the total
sample. If less than 5 percent by weight of the total sample is finer than
the No. 200 sieve, maximum density should be determined by vibratory
methods.
The test method outlined is comparable to the standard test in that
(a) the compactive effort applied is 12,300 ft-1b/cu ft and (b) the equipment
has been devised to maintain ratios between mold diameter, rammer
diameter, and maximum particle size of the test specimen similar to
those ratios used in the standard test in Appendix VI.
2. APPARATUS. The apparatus shall consist of the following:
a. Cylindrical mold, with an ID of 12.0 in. £ 0.1 in., a height of
12.0 in. £ 0.1 in.,, and a detachable collar approximately 2-1/2 in. high.
The mold and collar assembly should be constructed to fasten to a de-
tac hable baseplate . Details of a typical assembly are shown in Figure 1.
b. Hand rammer, metal, of the sliding-weight, fixed-head type
with a 4-in.-diameter face and a free-falling weight of ii.50 1b * 0.05 lb.
The rammer should be equipped with a guide such that the height of fall
of the sliding weight is 24.00 in. £ 0.05 in. Details of a typical rammer
are shown in Figure 2.
c. Balances sensitive to 0.4 lIb with a capacity of 250 lb.
d. Oven, forced-draft type, 10- to 42-cu-ft capacity: automatically
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controlled to maintain a uniform temperature of 140+ 5 C.

€. Pans, drying, of aluminum or other corrosion-resistant metal,
with a capacity of at least 0.5 cu ft. Roasting pans 18 in. by 24 in. by
4 in. are satisfactory.

f. Sieves, U. S. Standard, large diameter type, ranging from 4-in.
openings to the No. 4 size, and a mechanical sieve shaker. Sieves with
3/8-,1/2-, 3/4-,1-, 1-1/2-, 2-, 3-, and 4-in. openings are normally
required.

g. Containers, corrosion resistant, with a capacity of at least
1 cu ft and having airtight lids.

h. Shovel, hand, square-edged, and a mortar box having a capa-
city of at least 4 cu ft.

1. Straightedge, steel, at least 16 in. long, 3/8 in. thick, and
1 in. wide with a beveled edge.

Jj. Graduates, hand scoop, trimming knife, wire brush, and
rubber-head hammer.

3. QUANTITY OF SAMPLE. At least 700 lb.of sample is required

having particles finer than the 2-in. sieve sizes, If the field sample

contains quantities of particles larger than the 2-in. sizes, the total

sample weight required must be increased to permit removal of over-
size particles.

4. PROCESSING OF SAMPLE. a. Record on a work sheet

(Plate VIA-D) identifying information for the sample, including visual
classification.

b. Spread the material in flat pans and air-dry the entire sample.
Other means, such as ovens and heat lamps, may be used to accelerate
drying if the maximum drying temperature is 60 C.

c. Reduce all aggregates, or lumps formed during drying, of
fine-grained material to particles liner than the No. 4 sieve. With a
wire brush or other means, remove all fine-grained material that may
be clinging to rock sizes, taking care not to lose the fine-grained material.
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d. Separate all the material using a set of sieves ranging from
the largest particle size in the sample to the No. 4 sieve. The total sample
must be processed to determine the as-received gradation.

e. Place the material retained on each sieve and that passing the
No. 4 sieve in separate containers, weigh the contents of each, and com-

pute the percent of the total sample retained on each sieve as follows:

dry weight of material retained on sl@Vex:{oo%

% Retained = dry weight of total sample

f. If410 percent or less of a field sample is retained on the 2-in.
sieve, the particles larger than this size should be discarded and re-
placement is not necessary.

g. If more than 10 percent of a field sample is retained on the
2-in. sieve, it will be necessary to remove the plus 2-in. sizes and re-
place them with an equal weight of material between the 2-in. and No. 4
sieve sizes. The gradation of the replacement material must be the same
relative gradation as that of the total sample between the 2-in, and the
No. 4 sieve sizes. The percent passing the No. 4 sieve remains constant
and is equal to the percent passing the No. 4 sieve for the total as-
received sample. For each sieve’between the 2-in. and the No. 4 sizes,
the percent required to replace the plus 2-in. sizes is computed as
follows:

% retained on
one sievef
total % between 2-in. and
No. 4 sieve

Replacement %= total % of +2-in. sizes X

For each sieve, add the “Replacement %'’ to the ‘‘% Retained” on that
sieve initially. This gives the percent by weight of a test specimen re-

quired for each sieve size in order to reconstitute a specimen with the

T Any sieve between 2-in. and No. 4 sieve sizes.
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+2-1in. sizes replaced with sizes ranging from the 2-in. to the No. 4 sizes.
Typical results are tabulated in Plate VIA-1. A typical as-received
gradation and test gradation is shown in Plate VIA-2.

5. SPECIAL CONSIDERATIONS. In materials of a heterogeneous
nature, such as mixtures of sandstones, siltstones, and shale, the large
particles may be siltstone or sandstone, while the smaller size particles
may be shale. For materials of this type, when particles larger than the
2-in, sieve sizes are removed for preparation of the test specimen, re-
placement must be made using the same types of materials “scalped
off,” or removed. For example, oversize sandstone particles must be
removed and replaced, where applicable, with smaller particles of
sandstone.

6. PREPARATION OF TEST SPECIMEN. a. Prepare 130 b of proc-
essed air-dried material for the test specimen by combining the weight
of material required from each sieve size (refer to typical work sheet,
Plate VIA-1).

b. Thoroughly mix the material for the test specimen with a
measured quantity of water sufficient to produce a water content 4 or 5
percentage points below the estimated optimum water content of the en-
tire sample. This can be determined only by judgment and experience.

c. Store the moistened sample in an airtight container for a
minimum of 16 hr.

4. Prepare material for at least four additional test specimens
by repeating steps in paragraphs 6a through 6c. Increase the water con-
tent of each specimen by approximately 2 percentage points over that of
the previous specimen.

7. COMPACTION PROCEDURE, a. Weigh the compaction mold to
the nearest 0.1 lb, determine its inside volume to the nearest 0.001 cu ft,
and record the data.

b. Attach the collar to the compactor mold, clamp the mold se-
curely to the baseplate and place the assembly on a level, rigid foundation
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made of a concrete cube having a total weight of at least 200 lb. This
concrete foundation should not be covered with a rnetal plate.

c. Mix the cured material thoroughly to attain a uniform water
distribution.

d. Place a sufficient quantity of the test specimen in the mold to
give a compacted layer between 4.0 and 4.5 in. thick. Compact each layer
by applying 140 uniformly distributed blows of the rammer, with the
11.5-1b weight falling freely from a height of 24.0 irn compact three
equal layers in this manner, taking care to seat the rammer face flush
with the soil surface before each blow and to keep the rammer assembly
vertical during testing. Use just enough material to finish with less than
1 -in. of sample protruding above the top of mold.

e. Detach the extension collar, taking care not to disturb the soil
mass extending above the top of the mold. Trim the surface exactly even
with the top of the mold. Fill any cavities formed by removal of particles
during trimming with material from the trimrnings and press this filling
material firmly into place. Clean excess material from the lip of the mold.

f. Weigh the mold and compacted specimen to the nearest 0.1 1b
and record the data.

g. Remove the entire test specimen from the mold, spread it in
flat drying pans, and determine its water content. For most specimens,
this requires at least 16 hr oven-drying time. Shorter drying times may
be used if a constant weight is attained.

h. Repeat the steps in paragraphs 7c through 7g for a sufficient
number of specimens over a range of water contents to establish the op-
timum water content and dry density. Five specimens will usually define
the compaction curve accurately. Fresh material, not previously com-
pacted, should be used for all tests.

1. For tests in which degradation of particles due to compaction
is significant, determine the after-compaction gradation of at least two

total specimens from each test series.

VIA-7




EM 1110-2-1906
Appendix VIA
30 Nov 70

8. COMPUTATIONS. The computations shall consist of the following:

a. Compute the water content of each compacted specimen as

follows :
ww
Water content, W, %= W X100
8
where
WW = wet weight of total specimen minus its oven-dry weight (Ib)
Ws = oven-dry weight of specimen (lb)
b. Compute the dry unit weight of each compacted specimen as
follows:
Ws
Dry unit weight, y, pcf =<7

where V = volume of the compaction mold (cu ft).
9. PRESENTATION OF RESULTS. Present the results of the test on
ENG FORM 2091.

a. Compaction Curve. Plot the dry unit weight, in pounds per

cubic foot, as the ordinate and the corresponding water contents, in per-
centages of dry weight, as the abscissa, on an arithmetic plot. Connect
the plotted points with a smooth curve. The water content at the peak of
the curve is the optimum water content and the corresponding dry unit
weight is the maximum. Record the optimum water content to the nearest
0.1 percent and the maximum dry unit weight to the nearest 0.4 pcf.

b. Zero Air Voids and 90 Percent Saturation Curves. Using the

weighted average of the specific gravity of the plus No. 4 and the minus
No. 4 material, compute and plot the zero air voids curve and the curve
representing the line of 90 percent saturation.
10. POSSIBLE ERRORS. The following errors can cause inaccurate
results:

a. Aggregations of air-dried soil not completely reduced to
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